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During  the  iasc  year,  we  finished  our  work  on  electronic  imaging.  We  have 
developed  a  new  type  of  acoustic  microscope  which  is  capable  of  measuring 
both  the  phase  and  amplitude  of  an  acoustic  wave.  With  this  system,  we 
have  been  able  to  measure  Che  thickness  of  films  of  a  few  thousand  Angstroms 
thick  using  a  50  MHz  microscope  wich  an  acoustic  wavelength  in  water  of  30umT)r>1 1  c  CO  H-S 
An  interesting  feature  has  been  chat  we  can  now  measure  the  amplitude  and  ’.1 

phase  of  the  V(z)  curves  (the  variation  in  the  amplitude  of  the  signal  received 
at  che  microscope  determined  as  a  function  of  the  distance  z  of  the  surface 
of  the  soxid  object  from  the  focus)  .  The  two  papers  on  this  subject  to  be 
published  in  the  IEEE  Ultrasonic  Transactions  in  April  1985  form  part  of  che 
^Appendix  of  this  report.  During  che  year  we  have  begun  to  work  on  a  new 


type  of  scanning  optical  microscope  which  uses  a  Bragg  celi  co  scan  an  optical 


/■ 


beam.  <-9u-^?early  results  indicate  chac  we  can  measure  che  thickness  of  trans- 
parent  and  opaque  films  to^ accuracies . 
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APPLICATION  OF  NONDESTRUCTIVE  TESTING  TECHNIQUES  TO  MATERIALS  TESTING 

by 

G.  S.  Kino 


SYNTHETIC  APERTURE  IMAGING 

During  the  last  year,  we  finished  our  work  on  electronic  imaging.  This 
culminated  in  a  Ph.D.  thesis  by  Kent  Peterson,  "Real-Time  Digital  Synthetic- 
Aperture  Image  Reconstruction."  We  wrote  an  invited  paper  for  the  Special 
Issue  on  Digital  Imaging  of  the  IEEE  Transactions  on  Sonics  and  Ultrasonics, 
"Real-Time  Digital  Image  Reconstruction:  A  Description  of  Imaging  Hardware 
and  an  Analysis  of  Quantization  Errors,"  by  D.  K.  Peterson  and  G.  S.  Kino. 
This  work  summarized  a  body  of  theory  developed  to  determine  the  si  delobe, 
grating  lobe,  and  digital  errors  that  occur  in  synthetic  aperture  imaging  and 
other  imaging  systems.  The  results,  which  are  confirmed  by  experiments,  are 
fundamental  to  the  design  of  all  computer  processed  imaging  systems.  The 
paper  is  included  as  an  Appendix  of  this  report. 


ACOUSTIC  MICROSCROPY 

We  have  developed  a  new  type  of  acoustic  microscope  which  is  capable  of 
measuring  both  the  phase  and  amplitude  of  an  acoustic  wave.  By  using  short 
tone  bursts,  we  can  separately  measure  the  phase  delay  of  the  Rayleigh  wave 
induced  on  a  solid  substrate,  and  the  phase  of  the  specular  reflection  from 
the  substrate.  Since  we  can  measure  phase  to  an  accuracy  of  0.1°  ,  it  is 
possible  to  measure  changes  in  height  to  an  accuracy  of  better  than  a  thou¬ 
sandth  of  a  wavelength. 


With  this  system,  we  have  been  able  to  measure  the  thickness  of  films  of 
a  few  thousand  Angstroms  thick  using  a  50  MHz  microscope  with  an  acoustic 
wavelength  in  water  of  30  urn  .  We  have  also  used  the  device  to  determine  the 
material  properties  of  films  and  various  types  of  solids  by  making  extremely 
accurate  measurements  of  the  phase  velocity  of  Rayleigh  waves. 

An  interesting  feature  has  been  that  we  can  now  measure  the  amplitude  and 
phase  of  the  V(z)  curves  (the  variation  in  the  amplitude  of  the  signal  re¬ 
ceived  at  the  microscope  determined  as  a  function  of  the  distance  z  of  the 
surface  of  the  solid  object  from  the  focus).  We  have  developed  inverse  Four¬ 
ier  transform  procedures  to  invert  this  data  that  enable  us  to  directly  mea¬ 
sure  the  longitudinal  wave,  shear  wave,  and  Rayleigh  wave  velocities. 

The  two  papers  on  this  subject  to  be  published  in  the  IEEE  Ultrasonic 
Transactions  in  April  1985  form  part  of  the  Appendix  of  this  report. 

SCANNING  OPTICAL  MICROSCOPE 

During  the  year  we  have  begun  to  work  on  a  new  type  of  scanning  optical 
microscope  which  uses  a  Bragg  cell  to  scan  an  optical  beam.  The  device  is  the 
first  optical  microscope  capable  of  making  quantitative  measurements  of  optic¬ 
al  amplitude  and  phase  simultaneously.  The  concept  arises  directly  out  of  our 
work  on  the  acoustic  microscope,  where  we  began  to  realize  how  useful  it  is  to 
measure  both  the  amplitude  and  phase  of  the  coherent  wave.  The  work  on  the 
acoustic  microscope  also  taught  us  how  to  eliminate  speckle  in  a  coherent  wave 
system. 

Our  early  results  Indicate  that  we  can  measure  the  thickness  of  trans¬ 
parent  and  opaque  films  to  accuracies  of  the  order  of  30  A  .  A  preprint  of 
our  work  on  this  subject  is  included  in  the  Appendix.  A  thesis  is  currently 
being  finished  on  this  work  and  on  our  fiber-optic  sensor,  "Characterization 
of  Surface  Variations  Using  Optical  Interferometry,"  by  R.  L.  Jungerman. 
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Real-Time  Digital  Image  Reconstruction:  A 
Description  of  Imaging  Hardware  and  an 
Analysis  of  Quantization  Errors 

D.  K.  PETERSON  and  GORDON  S.  KINO,  fellow,  ieee 


Invited  Paper 


A  bs  tract -Genetil-purpase  computers  have  been  used  to  reconstruct 
images  for  more  than  two  decades.  Although  computer-based  recon¬ 
struction  is  versatile,  it  is  notoriously  slow.  A  real-time  digital  acoustic 
imaging  system  (called  DAISY)  is  described,  which  is  capable  of  recon¬ 
structing  more  than  thirty  new  image  frames  per  second.  Both  the 
imaging  hardware  and  its  operation  are  discussed.  The  latter  portion  of 
this  paper  is  concerned  with  the  effects  of  quantization  errors  in  digital 
imaging  systems.  The  discrete  nature  of  both  the  data  (digitized  signal 
data)  and  the  aperture  (array  apertures)  are  considered.  The  discussion 
is  couched  in  general  terms  and  ia  not  specialized  to  acoustic  imaging 
alone. 


I.  Introduction 


GENERAL-PURPOSE  digital  computers  have  been  used 
to  reconstruct  images  tor  more  than  two  decades  now. 
Although  computer-based  reconstruction  is  versatile,  it  is 
notoriously  slow.  For  some  applications,  such  as  oil  explora¬ 
tion,  this  is  only  a  nuisance.  For  other  applications,  real-time 
capability  is  a  necessity.  For  instance,  cardiac  imaging,  whether 
X-ray  or  acoustic,  requires  that  images  literally  be  reconstructed 
within  a  fraction  of  a  heartbeat. 

Real-time  image  reconstruction  is  also  desirable  because  it 
allows  interactive  examination  of  the  object.  The  operator 
obtains  immediate  feedback  when  the  object  is  moved  or 
changed.  This  makes  it  possible  to  adjust  the  position  of  the 
transducer  to  obtain  an  optimum  image. 

In  most  digital  image  reconstruction  systems,  the  imaging 
process  can  be  broken  in' o  two  phases.  First,  the  signal  data 
is  collected  from  a  sequ>  \  ■:  of  transducer  positions  or  orienta¬ 
tions  (eg.,  microwave  antennas.  X-ray  detectors,  acoustic 
transducers)  and  stored  in  a  digital  form  for  subsequent  image 
reconstruction.  Then  the  signal  data  is  rearranged  by  one  of 
several  algorithms  (backprojcction,  synthetic-aperture,  holog¬ 
raphy,  etc.)  to  reconstruct  an  image.  As  long  as  the  signal  data 
has  been  sampled  above  the  Nyquist  rate,  a  computer  ca  be 
used  to  interpolate  the  data  to  any  desired  accuracy  and  to 
reconstruct  the  image. 

Real-time  digital  imaging  systems,  on  the  other  hand,  do  not 
enjoy  the  same  luxury  Real-time  interpolation  of  the  data  set 
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would  require  a  machine  capable  of  hundreds  of  millions  or 
even  billions  of  interpolations  per  second.  Currently,  this  is 
not  feasible.  Therefore,  real-time  digital  imaging  systems  must 
make  direct  use  of  the  quantized  data  samples,  as  stored. 

In  this  paper  we  shall  describe  a  real-time  synthetic-aperture 
digital  imaging  system  called  DAISY  (an  acronym  for  digital 
acoustic  jmaging  system).  The  basic  operation  of  this  system 
has  been  described  elsewhere  [6] ,  [7] .  The  main  applica¬ 
tion  of  DAISY  is  in  acoustic  nondestructive  testing  (NDT)  of 
materials.  Over  the  last  several  years,  DAISY  has  been  used  in 
several  NDT  experiments  ranging  from  imaging  simple  man¬ 
made  defects  [3)  to  the  visualization  of  fatigue  cracks  using 
shear,  longitudinal,  and  Rayleigh  acoustic  waves  [  1 4 J ,  [  1 5  J 
As  we  gained  experience  with  the  imaging  system,  it  became 
clear  that  there  were  certain  aberrations  in  the  images  which 
were  due,  not  to  shortcomings  of  the  hardware,  but  to  quanti¬ 
zation  errors  intrinsic  in  the  image  reconstruction  algorithm 
itself.  Indeed,  as  the  hardware  improved  in  quality,  these 
aberrations  became  increasingly  evident.  Two  examples  are 
shown  in  Fig.  1.  On  the  left  is  an  image  of  a  point  target.  In 
addition  to  the  main  lobe  and  barely  perceptible  sidelobes, 
there  is  a  mottled  region  flanking  the  object  in  a  sideways 
“bow-tie’'  shape  which  sags  towards  the  left.  At  the  right  in 
Fig.  1  is  the  image  of  a  flat  specular  (mirrorlike)  reflector.  The 
image  shows  he  correct  location  and  shape  of  the  object,  but 
also  exhibits  a  fine  "serration"  pattern.  It  was  found  that 
aberrations  such  as  these  could  be  traced  to  quantization 
errors  in  the  digital  image  reconstruction. 

We  have  developed  an  analytic  theory  which  explains  the 
effects  of  quantization  errors  in  the  digital  reconstruction, 
particularly  quantization  sidelobes  in  near-field  images.  These 
sidelobes  are  quantitatively  and  qualitatively  different  from 
those  which  have  been  considered  in  far-field  imaging  systems 
such  as  phased-array  radar,  and  are  closely  related  to  the  side¬ 
lobes  of  an  optical  Fresnel  zone  phase  plate.  This  theory 
explains  most  of  the  characteristics  of  images  observed  in 
earlier  experiments  with  DAIS'!'  (e  g.,  Fig.  1 ),  and  describes 
the  dynamic-range  limitations  of  real  time  digital  imaging  sys¬ 
tems  due  to  quantization  errors.  These  results  pertain  not 
only  to  digital  synthetic-aperture  imaging  systems,  but  also, 
with  minor  changes,  to  other  image  reconstruction  methods 
which  use  a  finite  number  of  array  elements  and/or  a  finite 
number  of  delay  steps  (e  g  ,  real-time  analog  imaging  systems 
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(a)  (h) 

tig.  1.  Typical  real-time  images  I  mm  DAISY,  (a)  A  point  object  (thin 
wire  in  water),  (b)  A  specular  object  (the  edge  of  an  aluminum  block). 


with  switchable  delay  lines,  charge  coupled  devices  (CCD’s) 
or  other  finite  delay  elements). 

DAISY  hardware  and  the  execution  of  the  image  reconstruc¬ 
tion  algorithm  with  this  hardware  arc  described  in  Section  II. 

At  the  heart  of  the  real-time  reconstruction  hardware  is  a 
so-called  "focus  map"  which  is  a  look-up  table  containing  .,11 
of  the  information  needed  to  reconstruct  images  in  real  time. 
The  reasons  for  using  a  "focus  map"  arc  discussed  in  detail  in 
Section  III. 

In  Sections  IV  and  V.  we  examine  the  effects  of  delay  quan¬ 
tization  errors  on  the  point  spread  function(PSF)ofan  imaging 
system  in  both  the  far  field  and  the  near  fieid.  It  is  shown  that 
delay  quanti/atinn  errors  produce  a  series  of  "delay  quantiza¬ 
tion  lobes”  in  the  far  held  and  a  series  of  "subsidiary  foci"  in 
the  near  field. 

Then  we  turn  our  attention  to  the  special  problems  encoun¬ 
tered  with  digital  imaging  systems  employing  sampled  apertures 
(i.c.,  systems  which  suffer  from  both  temporal  and  spatial  sam¬ 
pling  errors).  Section  VI  examines  the  effect  on  the  point 
spread  function,  while  Section  VII  examines  the  effect  on 
images  ot  specular  reflectors. 

Section  VIII  is  a  brief  discussion  ot  the  effects  of  signal 
amplitude  quantization  errors. 
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The  mam  problem  m  making  a  lime-delayed  acoustic  imag¬ 
ing  system  nper.iline  m  real  time  is  the  provision  of  suitable 
delay  elements  I  limped  delay  lines  have  been  used  tor  this 
purpose  Such  delay  lures  lend  to  be  bulky  and  limited  in 
flexibility  (  (  I)  del  is  lines  have  also  been  suggested  for  this 
purpose  |  i  j|  [b,  ,  ui  extremely  attractive  concept,  but 
'  't  "•  '  1 1 1"  'Io-.’k  ,t|  development. 
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the  RAM's.  This  has  the  great  advantages  of  flexibility,  rela¬ 
tive  ease  of  programming,  and  ever  increasing  availability  of 
sophisticated  high-speed  digital  components.  It  has  the  dis¬ 
advantages  of  high  power  consumption  and  relatively  expen¬ 
sive  analog-to  digital  ( A-D)  converters  for  real-time  systems. 

The  DAISY  hardware,  illustrated  in  Fig.  2,  employs  a  32- 
to-1  multiplexer  switch  to  address  each  of  thirty-two  elements 
of  a  piezoelectric  acoustic  transducer  array.  This  has  the 
advantage  that  only  one  A-D  converter  and  receiver  amplifier 
arc  required.  A  short  pulse  (typically  about  2^  cycles)  with  a 
center  frequency  of  3-3.5  MHz  is  transmitted  from  the  selected 
element  by  exciting  it  with  a  unipolar  pulse  through  the  multi¬ 
plexer.  The  return  echoes  to  the  same  clement  are  amplified, 
digitized,  and  slorcd  in  a  1024  X  8  bit  RAM.  This  process  is 
repeated,  in  turn,  for  each  of  the  thirty-two  elements  in  the 
array  (with  the  current  system  the  acoustic  waves  are  always 
transmitted  from  and  received  on  the  same  array  element,  but 
this  is  not  a  requirement  for  synthetic-aperture  imaging).  The 
echoes  are  thus  stored  in  thirty-two  independently  addressable 
RAM’s  called  the  "data  memory." 

Each  pixel  in  the  focused  image  is  reconstructed  by  applying 
the  appropriate  delays  to  each  of  the  digitized  time  records 
and  then  summing  the  contributions  from  each  element.  1  lie 
required  lime  delays  are  stored  in  a  4,h  kilobyte  "focus  mem- 
ory”  in  a  condensed  form  as  a  lookup  table  called  a  "locus 
map.”  Simplifications  required  to  limn  the  size  of  ibis  focus 
memory  are  described  in  the  next  section. 

The  summing  ol  the  data  stored  in  the  image  memory  is 
carried  out  m  a  32-hyte  input  digital  addet.  I  lie  digital  adder 
takes  I  byte  ot  data  Imm  each  ol  the  llurly  two  data  mem¬ 
ories  and  forms  the  13-hit  sum.  The  output  of  the  adder  is 
digitally  lectified.  then  converted  to  a  baseband  video  signal 
by  the  DAC. 

I  he  video  signal  is  tillered,  mixed  with  I  V  synch  pulses  and 
sent  to  the  video  monitor  lor  display.  I  he  video  signal  is  dis¬ 
play  ed  in  a  2s(i  line  noninterlaced  luim.it  at  a  frame  rate  of 
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l  ig.  3.  Data  recording  and  image  reconstruction  using  the  DAISY  hard¬ 
ware.  (a)  The  multiplexer  selects  a  single  element.  A  pulse  is  sent  to 
that  element;  return  echos  arc  amplified,  digitized,  and  stored  in 
appropriate  data  memory,  lb)  Image  is  reconstructed  from  this  data 
by  summing  contents  of  data  memories  after  applying  time  delays 
appropriate  for  focusing.  This  is  equivalent  to  "backprojcction”  of 
the  data  along  circular  arcs  centered  at  the  position  of  the  collecting 
transducer  clement. 


about  40  Hz.  No  video  scan  converter  is  required  because  the 
picture  is  generated  at  real-time  rates  in  a  standard  raster  for¬ 
mat  with  the  horizontal  image  lines  perpendicular  to  the  face 
of  the  transducer  array. 

The  operation  of  the  lour  subsystems  of  the  imaging  hard¬ 
ware  are  coordinated  by  the  control  and  timing  logic.  The 
imaging  hardware  is  organized  as  a  parallel/pipelinc  processor 
made  up  of  thirty-two  parallel  pipelines  with  seven  stages  in 
each  pipe. 

An  interlace  to  a  laboratory  computer  is  supplied  for  loading 
the  focus  memory  with  the  appropriate  focus  map.  After  this 
process  is  carried  out,  the  interlace  between  the  computer  and 
the  imaging  hardware  may  be  severed. 

Using  a  clock  rate  ot  10-15  MHz,  DAISY  generates  about 
forty  image  frames  per  second.  Since  most  of  the  transducer 
arrays  have  acoustic  center  frequences  of  about  .1  MHz,  this 
gives  three  to  five  samples  per  wavelength,  well  above  the 
Nvqutst  sampling  rate. 

f  ie.  3  shows  the  collection  and  reconstruction  of  image  data 
Irom  a  point  object  using  a  simplified,  six-element  imaging 
system.  Note  that  the  backprojcction  interpretation  of  image 
reconstruction  is  vividly  apparent  here.  The  echo  data  from 
each  array  element  is  backprojected  in  a  circular  arc  whose 
center  corresponds  to  the  physical  position  of  the  array  ele¬ 


ment.  A  single-element  system  would  supply  only  or~  arc  and 
so  give  only  range  information  but  no  azimuthal  information. 
As  more  elements  are  added  to  the  array,  the  position  of  the 
object  becomes  more  well  defined. 

III.  Thf.  Focus  Map 

A.  Luok-Up  Tables 

In  principle,  the  synthetic-aperture  image  reconstruction 
algorithm  (or  equivalently,  the  backprojection  algorithm) 
requires  computation  of  N  ■  I.  •  P  different  distances,  where 
N  is  the  number  of  transducer  elements,  L  is  the  number  of 
lines  in  the  image,  and  P  is  the  number  of  pixels  in  each  line. 
For  DAISY,  this  would  be  32  •  256  ■  1024  =  8  million  dis¬ 
tances,  each  of  which  must  be  computed  to  10-bit  accuracy. 

At  present,  real-time  computation  of  these  distances  is  orders 
of  magnitude  beyond  the  capabilities  of  any  general-purpose 
computing  machine.  Fortunately,  there  are  solutions  to  this 
insurmountable  computational  obstacle. 

Since  the  distance  calculations  do  not  change  from  one 
frame  to  the  next,  they  may  be  computed  once  (on  a  general- 
purpose  computer)  and  then  stored  in  a  high-speed  look-up 
table,  called  a  “focus  map."  By  using  a  look-up  table,  one 
trades  the  problem  of  prodigious  computing  power  for  the 
problem  of  prodigious  memory  capacity. 

The  size  of  the  focus  map  may  be  reduced  by  reconstructing 
the  image  in  a  radial  sector  scan  format  and  assuming  a  paraxial 
geometry  [19) .  When  this  is  done,  the  time-delay  information 
can  be  separated  into  two  one-dimensional  focus  maps  one 
for  angle  steering,  another  for  range  focusing  and  (he  total 
time  delay  required  is  just  the  sum  :  f  these  two  components. 
The  disadvantages  of  this  approach  are  that  only  paraxial 
objects  are  well  focused,  and  it  requires  a  scan  converter  to 
translate  from  sector  scan  format  into  TV  raster  format. 

For  these  reasons,  DAISY  was  designed  with  a  full  two- 
dimensional  focus  map  containing  time  delay  information 
appropriate  for  direct  reconstruction  in  a  raster  format.  There¬ 
fore.  the  images  have  optimal  resolution  out  to  very  large 
angles,  and  they  can  be  presented  in  real-time  directly  on  a 
standard  TV  monitor. 

B.  Compression  by  Unending 

To  backprojcct  the  data  from  any  given  array  element  onto 
any  given  linage  line  (sec  Fig.  4).  we  require  a  set  of  distances 
( 1024  in  the  case  of  DAISY)  from  the  element  located  at 
Uv'.  0)  to  each  pixel  (x.  c)  in  the  line.  Specifically ,  we  need 
the  value  of 

=  vA(v’  t);+r‘.  (1) 

Fortunately,  this  is  not  a  random  collection  of  numbers,  it  is  an 
ordered  sequence  of  values  monotonically  increasing  with  c. 

A  common  method  ot  storing  or  representing  a  sequence  o| 
highly  correlated  values  is  "delta  encoding."  In  tins  scheme, 
only  the  difference  between  a  value  and  its  successor  is  stored. 
In  DAISY  ,  the  distance  (unction  is  monotonically  increasing, 
and  can  be  represented  by  a  binary  sequence  of  0‘s  and  l's. 

By  employing  delta  encoding,  the  look-up  table  can  be  com¬ 
pressed  from  a  table  of  10-bit  distances  to  a  table  of  1  bit 
distance  increments. 
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li  should  he  noted  that  in  delta  encoding,  one  has  made  a 
trade-oil  between  memory  capacity  and  hardware  complexity 
because  additional  hardware  is  needed  to  ’’decode”  the  encoded 
table  sallies.  In  the  ease  of  delta  encoding,  this  is  extremely 
simple  An  accumulator  keeps  the  current  distance  value  and 
the  next  value  is  obtained  by  adding  the  new,  delta  encoded, 
increment  to  ibis  current  value.  In  DAISY,  the  accumulator  is 
a  simple  up-counter,  and  the  binary  sequence  of  increments 
is  supplied  to  the  clock  input  of  each  data  memory  address 
counter  a  "I”  causes  the  counter  to  increment  and  a  “0” 
leaves  the  counter  value  unchanged.  This  small  degree  of 
added  complexity  is  a  small  price  to  pay  for  the  tenfold 
savings  in  focus  memory  capacity. 

C.  Compression  hv  Exploiting  Symmetries 

By  exploiting  the  symmetries  which  are  offered  by  a  peri¬ 
odic  image  raster  and  a  periodic  array,  we  can  decrease  the  si/e 
of  the  focus  map  still  further. 

Specifically,  let  us  assume  that  the  reconstructed  image  is  to 
be  /.  lines  by  /’pixels  per  line,  as  shown  in  Tig.  5.  The  array- 
lias  N  elements  and  is  .  entered  on  the  midline  of  the  image 
held.  Also,  and  this  is  very  important,  the  spacing  between 
the  array  elements  is  assumed  to  be  some  multiple  A/  of  the 
spacing  between  the  lines  of  the  image  raster,  l  or  DAISY 
these  parameters  are 

A’  =  A 2  elements 

/.  =  2Vi  lines 

/’  =  I  DM  pixels  line 

M  4  image  lines  between  cash  .liras  element  position. 

Because  o|  t lie  m.iu  lime  pei mdicittex  of  the  arias  and  Die 
image  raster .  there  are  only  (/  *  X.M )  2  unique  element  line 
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fig.  a.  Relationship  between  reconstructed  image  and  array  elements. 
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24  kilobytes,  an  important  savings  in  cost,  sire,  complexity, 
and  power  consumption. 

The  parallel  architecture  of  DAISY  makes  it  desirable, 
although  not  absolutely  necessary,  to  organize  the  focus  mem¬ 
ory  slightly  differently  than  described  above.  In  the  architec¬ 
ture  described  two  paragraphs  above,  some  of  the  focus  lines 
would  need  to  be  used  by  two  different  pipelines  at  the  same 
time.  Since  there  arc  ,V  pipeline  channels  running  in  parallel 
(A'  =  A 2  lor  DAISY)  it  is  more  convenient  to  have  X  distinct 
lines  ol  locus  data  to  teed  each  of  the  pipelines.  The  number 
of  locus  lines  requited  for  Ibis  slightly  modified  architecture 
is 

I  -  ol  lines  ol  locus  data  I 

=  I  “  ol  lines  needed  to  represent  distances  to  first  line) 

*  I  ~  of  new  lines ) 

(  “  ol  lines  ol  locus  data  tor  each  new  line) 
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Parameter 
Subject  to 
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TABU  l 


Name  Used  in  This  Paper 

Signal  amplitude 
quantization 

Delay  quantization 


Aperture  amplitude 
quantization* 

Array  quantization 


1  \  ample 

I  he  ecti"  data  are  stored  as 
S-bit  Values 

I  he  echo  sienal  is  per;  >dk  .,ll\ 
sampled  and  stored  in  i  RAM 
tdicital)  or  (  (  l)  (anal* -el 
I  he  aperture  ap*  »di/ at  u  *n 
pr-dile  is  set  In  a  diei’al 
command  w ord 
A  transducer  array  is  used  •** 
sample  the  aperture  at  peri¬ 
odic  intervals 


*The  effects  of  aperture  amplitude  quantization  errors  arc  a  routine  application  ni  I- miner  optics  theory  and  will  not  he 
treated  here  as  they  are  adequately  discussed  elsewhere  |5|  and  (  2|  . 


For  DAISY,  this  requires  (32  +  255)  kilobits  or  roughly  36 
kilobytes  of  focus  memory.2  Such  an  architecture  requires 
50  percent  more  memory,  but  makes  the  focus  steering  logic 
less  complex. 

IV.  Dklay  Quantization  Fkkoks  in  mi  Far  Fii  id 

All  imaging  systems  share  two  common  elements:  I )  a  spa¬ 
tially  extended  aperture  represented  bv  the  so-called  '‘pupil 
function."  Pit).  and  2)  an  imaging  signal  s(/h  which  carries 
information  about  the  object  back  to  the  aperture. 

In  a  digital  imaging  system,  either  or  both  of  these  functions 
may  be  quantized.  The  quantization  can  be  of  two  different 
forms:  1 )  amplitude  quantization,  where  the  true  amplitude  is 
rounded  off  and  represented  by  a  finite  length  digital  code, 
and  2)  sampling  quantization,  where  the  value  of  the  function 
is  represented  only  at  discrete  values  of  the  argument. 

The  possible  sources  ol  quantization  errors  in  a  digital  imag¬ 
ing  system  are  shown  in  Table  I.  A  quantity  which  is  not 
quantized  will  he  referred  to  as  “continuous"  (e  g.,  continuous 
delays,  continuous  aperture). 

In  the  early  ll>6l)'s,  the  first  microwave  phased  arrays  were 
developed  for  electronically  scanned  radar  systems.  A  linear 
phase  shift  across  the  elements  of  the  microwave  array  was 
used  to  "steer"  the  bear  '  axis.  The  phase  shifters  used  in 
these  systems  could  he  p:  : .mimed  to  select  one  of  several 
discrete  phase  delays.  It  was  tound  that  phase  quantt/atnm 
errors  introduce  so-called  “quantization  lobes"  in  the  tat  field 
which  are  similar  in  appearance  to  the  grating  lobes  caused  In 
using  an  under  sampled  array  |  1 1  .  |  1  2| .  j  | .  and  |  I  "|  Mote 
recently,  acoustic  phased  arras  systems  have  been  shown  t.> 
exhibit  similar  "quantization  lobes"  |  I  I  | 

In  tins  section  we  will  recapitulate  the  calls  thems  ot  phase 
delay  quantization  in  the  tar  held,  both  because  it  is  inter¬ 
esting  in  its  own  iich*  and  because  it  is  a  e'lisenioil  s elm le 
I  - -r  introducing  sou  .  .ot.it ion  and  concepts  w  In.,  li  w  ill  he  used 
again  in  the  next  section  w  here  we  a  mils  ze  the  mme  dll!  n  nil 
problem  ot  delav  quantization  in  the  near  held 

1  <>r  Imnunal  umm'Hs  I+USY's  I.mois  m.ip  is  spill  inn.  mur  imlepen 
ilen I  item,  e  i.  h  ul  w  hn.  h  is  *  .ip.thle  ■  >1  n\  "nstr'.K  tin-.  +  4  rn  i  t  lines 
I  tie reli ire.  the  .mi uun!  i 'I  t»>e  ns  menu  >r\  in  II  \ISY  is  ,n  lu.ilh  4  j  m  ♦ 

(  +  4  ]ij  kill >bils  uf  jKuit  4h  kiKihs  tes 


A.  Phase  Quantization  ami  Phase  Quantizatu  at  /  rn  <rs 

For  a  system  with  no  quantization  errors,  the  phase  del. is  s 
are  continuously  variable  over  the  interval  |u.  2  *1  In  a  digital 
system  only  a  finite  number  ot  phase  delass  n  .ix.iihiine  We 
denote  bv  q  the  number  ot  delay  s  available  w  ithiti  the  inters  a! 
[0.  2  7t ) .  For  instance,  if  q  -  2  I  as  in  a  i  lestiei  zniie  phase 
plate),  phase  delays  of  0  and  -  ate  used  I  he  quantized  phase 
delay  will  be  represented  In  the  notation  |o]  .  -  „  where  o  n 
the  continuous  phase  variable  being  Mtiaiiti/ed.  ami  2  -  q  ;s  the 
phase  quantization  inlets, li  I  Ins  1  ink t am  e  -in  w n  ,i  I  _ 

7(a).  The  quantization  error  is  tepieseuteU  'n  ihemT.i!  < -n 
Cs „ ^(0).  defined  as 

>10)  |s>|  u  0.  i  'I 

and  show  n  in  lag.  '(  b)  fin  ,i  peinnik  t.u.s ■  m  ■ 

2  .7  q.  the  quantization  inters. i.  I:  the  rat  m.  ...  w  . 
the  subscript  2  z  q,  unless  u  ;■>  teqimeT  t. a  -  ..this 
Subsequently  .  we  will  use  the  pen.  mi,.  tun,  :..m  exp 
which  can  be  lepiesented  in  -lie  l,.|!.w*  mg  I  .  me:  -c  ■- 
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y  i i 
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I  Ins  is  tepi  e'en  ted  I  \  i  e  •  H 1 :  ’  -\  s  slued  pupil  tutk  I  Ion 

/’(  v  I  exp  1 2  .7  v  'in  i)„  Sills  I)  v  I 

w  here  III  I  is  t  lie  t  e,  1  uncle  I  mu  t  nm  and  /)  is  I  lie  w  id  I  It  <  0  tin 
iperture  1  lie  tat  Held  beam  p.itlern  is  'imply  the  1  omei 
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lif:  ?.  i.u  Plot  n|  i|iijnli/rU  phase  lumTinn  |o|  I  hi  Pint  nl  phase 
iji.'.inti/.ilinn  error  tuiKtiun  i ; - / m ' * 

Iransloim  ot  the  pupil  function4  |l,| 

I'tr.lt)-  'i 1  Pi  v  )  •  ~  l)  siik'  *  ( 0  0„)D\-  c,:nr,K. 

(6) 

A  p! 1 1 1  nt  ,i  typical  tartield  beam  pattern  (with  1)  =  100  A, 

0lt  u  lb  radian,  and  r  =  20  000  A  )  is  shown  in  fig.  S( a ) . 

(  f'arf'ielJ  I’sr  i  •!  an  Imaging  System  with  Quantized  Delays 
In  a  digital  phased  array  system,  the  phase  is  quantized  and 
t Vie  pupil  t u (is.  I u mi  becomes 

P. <  v ’ )  ■  exp  ‘i  1 2  r.  x  sin  0„  X| •  Wtx’ID).  (2) 

where  |  ):.  u  repre cents  Ihe  i|iiauli/aliun  ol  phase  into  2  rr./j 
i  adian  mteisals  Subsl  lint  ion  ol  t  'I  and  (  >  )  yields 

i (  v  )  :  exp  <  nt  2  rrr'  sm  d„  A)  /’( .v  ).  <*) 

Aeam.  the  fat  held  beam  pattern  is  given  by  the  Fourier  trans- 
t  rom  ot  the  pupil  turn  lion 

'  I '  b  |  -  '*’  v  I 
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t  ie.  8.  I  jr-ticld  PSI  nf  a  continuous  aperture  imaging  sy  stem,  (a)  With 
continuous  phase  delays,  (b)  With  nuanti/ed  phase  delays  la  =  3). 


where  the  asterisk  represents  the  convolution  operator.  At 
this  point,  we  make  use  of  the  Fourier  series  representation  of 
e>(  mentioned  earlier  (4)  to  obtain 

V,.iua..t<r,0)=  T.  sine  (m  +  I  p)  ■  U(r.  0  +  mpt)0). 

m  =  -uD 

1 10) 

Fq.  ( 10)  states  that  the  Jar-field  beam  pattern  fur  an  inlaying 
system  with  quantized  phase  delays  contains  a  mainlobc 
tm  ~  0)  of  diminished  amplitude  An  =  sine  (  1  ptanda  scries 
oj  "delay  quantization  lohes"  (m  -?  0 )  of  amplitude  .1  - 

sine  (wi  +  \  ,p)  located  at  0  =  (  \  +  mp)t)„.  Therefore,  in  the 
Jar-field,  the  effect  of  phase  quantization  is  very  'inular  m 
appearance  to  that  of  grating  lobes.  1  he  delay  quanti/aMon 
lobes  are  due  to  a  periodic  phase  error  across  I  he  apeiture, 
while  grating  lobes  are  due  to  a  periodic  amplitude  error.  As 
one  would  expect,  when  p  is  large  ( i.e  ,  the  phase  delay  s  are 
finely  quantized),  the  quantization  lobes  dimmish  in  ampli¬ 
tude  and  move  far .  way  from  the  m.unlobe.  lag.  Mb)  shows 
the  far-lield  beam  pattern  ot  an  imaemg  system  using  quantized 
delay  s  (with  D  =  100  X.  r  =  20  000  X.  0.05  radian,  and 

p  =  '). 
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analysis,  il  was  necessary  lo  assume  that  the  quantization 
eriors  were  very  small  and  could  be  treated  as  a  perturbation 
of  the  pupil  function.  It  was  also  necessary  to  assume  that  the 
aperture  consisted  of  a  periodic  array.  Then  the  magnitude 
and  position  of  the  quantization  sidelobes  could  be  estimated 
if  certain  phase  matching  conditions  were  satisfied. 

In  this  section  we  go  back  lo  the  earlier  theory  developed  lor 
quantization  errors  m  the  far  field  (described  in  the  previous 
section )  and  generalize  it  to  treat  the  ease  of  quantization 
errors  in  the  near  field.  This  new  theory  is  exact  (within  the 
paraxial  approximation)  and  has  a  simple  physical  interpreta¬ 
tion.  The  theory  is  first  developed  tor  a  continuous  aperture 
so  the  effects  of  delay  quantization  are  not  complicated  by 
the  effects  of  array  quantization.  The  analysis  of  delay  quan¬ 
tization  in  array  systems  will  be  left  to  the  following  two 
sections. 

We  will  consider  the  effect  of  using  digitized  signal  data  in 
a  synthetic-aperture  imaging  system,  such  as  DAISY.  The 
theory  for  dynamically  focused  systems  using  quantized  phase 
(or  time)  delay  elements  is  very  similar  and  does  not  justify  a 
separate  treatment. 

It  is  assumed  that  the  imaging  signal  has  spatial  and  lime 
harmonic  dependence  of  the  form 


cos  1  ui t  kz )  =  Re 


,/(i~r  kz)- 


(111 


We  will  work  with  the  complex  exponential  representation, 
bearing  in  mind  that  it  is  the  real  component  which  interests 
us.  At  the  end  ot  the  section  we  will  comment  on  the  effects 
of  using  broad-band  imaging  signals. 


A.  Xcar-l-'niJ  I’SI'  of  an  Imaginx  System  with  Continuous 
Delays 


Consider  an  infinilesim.il  aperture  element  at  position 
l.v’.  0)  m  the  aperture  I  see  lag.  l)|.  The  element  is  excited 
with  a  con  I  muons  wave  ((  W )  signal  r‘"  .  I  lie  echo  received 
from  an  ob|ect  at  location  l.v,, .  r„  )  is  delay ed  by  a  i omul-1 1 ip 
t lausil  delay  ot  2 1C’  M),  r  where  r  is  the  wave  velocity  in  the 
mteivemne  medium.'  at  !  :s  scaled  In  a  factor  I  A’  due  in 
ioiind-irip  dtllraci.on  h  i  this  factor  would  be  I  A’-'  in 
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Fig.  11.  Comparison  of  the  theoretical  and  experimental  reflectance  func¬ 
tion  for  the  water-silicon-nitride  interface. 


Fig.  13.  Comparison  of  the  theoretical  and  experimental  reflectance  func¬ 
tion  for  a  water-Plexiglas  interface. 


•9mm  0  .8mm 

Z 


Fig.  12.  Experimental  F(;)  of  a  water-Plexiglas  interface  at  10.17  MHz. 


teflon 


Fig.  14.  Experimental  F(z)  of  a  water-teflon  interface  at  10. 17  MHz. 


nique  does  not  preclude  the  characterization  of  such 
acoustic  properties  as  shear  loss,  temperature  dependence 
of  the  Rayleigh-wave  velocity,  and  various  contributing 
factors  to  the  Rayleigh  c:  iiical-angle  phenomenon. 

Plexiglas 

Figs.  12  and  13  are  the  V(z)  and  R(D),  respectively,  for 
plexiglas  or  lucite,  a  low-acoustic  velocity  and  high  loss 
material.  This  example  illustrates  how  material  loss  can 
be  determined.  The  longitudinal  critical  angle  is  located 
at  6  -  32.7°,  which  corresponds  to  a  longitudinal  wave 
velocity  of  2750  m/s.  The  magnitude  of  the  reflectance 
peaks  at  0.7  rather  than  one,  as  it  would  be  for  a  lossless 
substrate.  The  amount  of  diminution  of  the  peak  level  de¬ 
pends  on  the  loss  for  the  longitudinal  mode.  The  theoret¬ 
ical  curve  is  fitted  to  the  experimental  one  by  varying  the 
longitudinal  loss  factor  Qf  .  The  Q,  is  found  to  be  about 
50,  which  translates  into  an  attenuation  coefficient  of  232 
Np/m  or  20  dB/cm  at  10  MHz,  which  agrees  well  with 
other  published  values  J 16). 


a. 


TT  • 

0*  0*  16*  Q  ?4*  40* 

Fig  15.  Comparison  of  the  theoretical  and  experimental  reflectance  (unc¬ 
tion  fora  water-teflon  interface 

Teflon 

F(z)  and  R(0)  for  teflon  are  displayed  in  Figs.  14  and 
15.  As  expected  no  critical  angle  is  observed,  since  teflon 
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Fig.  16.  Experimenial  Ftz)  of  a  water  and  5-jim  gold  film  on  a  fused-silica 
interface  at  10  7  MHz. 
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Fig.  17  Comparison  of  the  theoretical  and  experimental  reflectance  func 
tion  for  a  water  and  5-jifn  gold  him  on  a  fused  silica  interface 


has  a  longitudinal  velocity  of  1400  m/s,  which  is  lower 
than  that  of  water. 

Thin-Fitm  Measurrnu  nr 

The  following  example  demonstrates  the  potential  ap¬ 
plication  of  acoustic  microscopy  in  thin-film  character¬ 
ization  and  also  confirms  a  thin-film  matching  phenome¬ 
non  predicted  by  numerical  computation.  The  thin-film 
structure  used  in  this  example  is  a  5/zrn-thick  gold  film 
deposited  on  a  fuscd-silica  substrate.  At  10  MHz  the  thick¬ 
ness  of  the  gold  film  corresponds  to  about  1.5  percent  of 
the  longitudinal  wavelength.  Figs.  16  and  17  are  the  plots 
of  F(z)  and  R(0).  respectively.  The  agreement  with  the 
theoretically  generated  R{6)  is  good.  R{tf)  shows  a  null  at 
6  -  17.23°,  an  angle  between  the  longitudinal  and  shear 
critical  angles  of  the  fused  silica  substrate.  Physically  this 
means  that  the  incident  longitudinal  mode  in  water  cou¬ 
ples  very  strongly  into  a  bulk  propagating  mode  in  the 
fused  silica  substrate.  The  physics  of  this  coupling  is  not 
well  understood,  but  it  is  believed  that  the  longitudinal 


wave  in  water  converts  in  the  gold  film  to  a  leaky  Sezawa 
wave,  which  leaks  into  the  fused  silica  substrate  in  the 
form  of  a  propagating  shear  wave.  The  coupling  efficiency 
and  the  angle  of  incidence,  at  which  maximum  transmis¬ 
sion  occurs,  have  been  shown  to  be  functions  of  the  film 
thickness  by  numerical  analysis.  Thus  by  measuring  the 
reflectance,  one  can  get  information  about  the  film  thick¬ 
ness.  The  experimental  demonstration  of  this  thin-film 
phenomenon  also  opens  up  the  possibility  of  using  the  thin- 
film  matching  technique  in  the  design  of  acoustic  trans¬ 
ducers  to  improve  the  transmission  efficiency  between  two 
media  with  vastly  different  acoustic  impedances. 

V.  Error  Analysis 

The  introduction  of  experimental  artifacts  in  the  exper¬ 
imental  R(0)  due  to  the  spatial  truncation  of  the  F(z)  curve 
is  treated  in  this  section.  This  problem  arises  because  of 
the  finite  distance  over  which  K(z)  data  can  be  collected. 
Equation  (26)  shows  that  V(u)  and  [/>:(f)/?(r)|  form  a  Fou¬ 
rier- transform  pair.  It  can  be  shown  by  Fourier-transform 
theory  that  since  [P2(r)/?(r)J  is  finite  in  the  t  domain,  F(n) 
has  to  be  infinite  in  the  u  domain.  Experimentally  F(z) 
can  only  be  obtained  for  some  finite-width  data  window. 
Therefore  the  actual  waveform  k"(C)  used  in  the  inversion 
is  a  truncated  version  of  F(«).  Thus 

V'(u)  =  F(m)  rect  ( u/D )  (32) 

where  u  -  z/\,  and  D  is  the  width  of  the  data  window 
defined  in  terms  of  the  number  of  wavelengths  in  water. 
Noting  that  multiplication  in  the  u  domain  corresponds  to 
convolution  in  the  transform  domain  t,  the  reflectance 
function  obtained  by  inverting  k"(w)  is 

[P2(r)ff(r)|'  =  [P:U)  RU) ]*  D  sine  (Dr)  (33) 

where  *  denotes  convolution. 

The  effects  of  the  convolution  between  the  reflectance 
function  and  the  waveform  sine  (Dr)  are  twofold  First,  the 
angular  resolution  in  the  r  domain  is  degraded.  Second, 
because  of  the  oscillatory  nature  of  sine  (Dr),  sharp  fea¬ 
tures  in  P:(t)R(t)  tend  to  generate  ripples  in  the  resulting 
|P:(r)/?(r))’.  The  resolution  degradation  effect  can  be  es¬ 
timated  as  follows.  The  full  width  between  zeroes  of  the 
main  lobe  of  sine  (Dr)  is 

Ar  =  2  ID  (34) 

The  Ar  is  essentially  the  transition  width  of  the  response 
to  a  sharp  step  in  P:(t)R(r )  and  hence  can  be  regarded  as 
the  worst  case  resolution  in  r.  Using  the  relation  r  =  2  cos 
6  given  in  (24),  we  get  the  following  expression  for  the 
angular  resolution  in  terms  of  the  angle  of  incidence  6 


Combining  (34)  and  (35).  the  resolution  in  0  in  terms  of 
the  width  of  the  data  window  D  is  found  to  be 


D  sin  6 
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Fig  18  Variation  of  angular  resolution  degradation  as  a  function  of  the 
incident  angle  and  the  normalized  data  window  width  D. 


SILICON  NITROE 


Fig.  19.  Simulated  reflectance  function  of  a  water-silicon  nitride  interface 
obtained  by  inverting  spatially  truncation  V(z)  data. 


Equation  (36)  is  plotted  in  Fig.  18  with  D  as  a  param¬ 
eter.  The  data  window  D  used  in  the  experiment  is  about 
100.  This  implies  angular  resolution  of  about  3.3°  at  0  = 
10°,  1.7°  at  0  =  20°,  and  1.1°  at  0  =  30°.  The  experi¬ 
mental  reflectance  of  silicon  nitride  in  Fig.  11  is  a  patho¬ 
logical  example  of  the  degradation  effect  of  this  angular 
resolution.  The  Rayleigh  critical  angle  occurs  at  a  low 
value  of  0  =  15.0°  and  in  the  vicinity  of  this  angle,  the 
magnitude  of  the  reflectance  is  unity  but  the  phase  goes 
through  a  rapid  2rr  radian  change  over  a  2°  angular  range. 
The  net  result  of  the  convolution  with  sine  ( Dt )  is  a  sharp 
dip  in  the  magnitude  of  the  experimental  reflectance  and 
a  smoothing  of  the  phase  curve  near  the  Rayleigh  critical 
angle.  The  effect  of  the  convolution  is  much  less  serious 
at  angles  of  high  incidence  as  shown  in  Fig.  18  and  as 
evidenced  by  the  experimental  R(O)’ s  of  fused  silica  and 
aluminum,  where  only  a  slight  dip  occurs  in  the  reflec¬ 
tance  magnitude. 

A  computer  simulation  has  been  carried  out  where  the 
theoretical  R(0)  for  silicon  nitride  is  used  to  generate  the 
F(2),  which  is  truncated  and  then  inverted  in  an  identical 
manner  to  the  experimei"  I  data.  The  result  is  shown  in 
Fig.  19.  The  simulated  R  i  exhibits  exactly  the  same  be¬ 
havior  in  both  amplitude  and  phase  as  the  experimental 
one  in  Fig.  11. 

The  locations  of  the  critical  angles  are  generally  used  to 
determine  the  phase  velocities  of  propagating  modes, 
which  are  given  by 

v.  -  t’u  /sin  0. 

where  i'rt  is  the  velocity  in  water;  the  asterisk  stands  for 
/.  (longitudinal).  S  (shear),  or  R  (Rayleigh);  and  the  sub¬ 
script  <  denotes  critical  angle.  The  percentage  error  in  the 
estimation  of  r.  as  a  consequence  of  the  truncation  of 
F(;)  can  be  shown  to  be 


1  cos  0 .  1  cos  0 

-  SO.  =  -  - ,-  . 

2  sin  0.  2  1)  sin"  6 


(37) 


Equation  (37)  is  plotted  in  Fig.  20  with  D  as  a  parameter. 


Fig.  20.  Phase  velocity  estimation  error  as  a  function  of  angle  of  incidence 
due  to  degradation  of  the  angular  resolution. 


The  error  decreases  drastically  with  increasing  incidence 
and  increasing  D.  For  D  =  100,  |  Av./v.\  is  four  percent 
at  0  -  20°  and  1.75  percent  at  8  =  30°.  One  should  bear 
in  mind  that  (37)  represents  the  worst-case  estimation,  and 
the  actual  error  could  well  be  substantially  smaller,  espe¬ 
cially  for  the  Rayleigh  critical  angle  0Ri.  The  determina¬ 
tion  of  0Rt  involves  locating  the  point,  where  the  phase  of 
R(0)  is  tt  radians.  Around  0Rl  the  magnitude  of  the  reflec¬ 
tance  function  for  a  lossless  material  is  constant  while  the 
phase  ^  can  be  shown  to  have  the  form  |9) 


tan  'F  =  2 


A, 


k  sin  0Rt 
a 


(38) 


where  a  is  the  leak  rate  of  the  Rayleigh  wave.  The  phase 
function  ♦  is  the  antisymmetric  in  kr  about  ^  =  n  around 
the  point  kr  =  k  sin  0Rl .  It  is  similarly  antisymmetric  in  k. 
or  /  in  the  neighborhood  of  k.  =  k  cos  0Ri .  Since  the  sine 
function  with  which  (P:(f )/?(/)]  is  convolved  is  symmet¬ 
ric,  the  phase  function  around  the  Rayleigh  critical  an¬ 
gle  remains  essentially  unchanged  by  the  convolution. 


.222 


IEEE  TRANSACTIONS  ON  SONICS  AND  ULTRASONICS,  VOL.  SU-32.  NO  2.  MARCH  1985 


provided  that  the  width  of  the  main  lobe  of  the  sine  func¬ 
tion  At  is  smaller  than  the  transition  width  of  ❖  through 
the  Rayleigh  critical-angle  region.  For  example,  in  the  case 
of  fused  silica  and  aluminum,  the  respective  leaky  sur 
face-acoustic-wave  velocities  calculated  from  the  experi¬ 
mental  phase  curve  are  almost  identical  to  those  predicted 
by  theory. 

The  second  problem  associated  with  the  generation  of 
ripples  can  be  partly  remedied,  though  with  some  further 
loss  in  angular  resolution,  by  applying  a  smooth  apodi- 
zation  function  for  the  K(z)  data  before  inversion  takes 
place.  The  apodization  function  used  in  processing  the 
K(z)  data  is 


a(u)  = 


sin2  ( iru/D ) 
n  +  sin2  (rru/D) 


(38) 


where  rt  is  a  free  parameter  for  adjusting  the  tapering 
characteristics  of  the  apodization.  The  n  =  0.1  is  used  to 
process  the  experimental  data  shown  here.  The  resulting 
apodization  essentially  leaves  the  data  in  the  center  of  the 
window  unchanged,  but  it  behaves  much  like  Hamming 
weighting  at  the  edges  of  the  data  window. 

The  obvious  solution  to  both  the  resolution  degradation 
and  ripple  problems  is  to  increase  the  data  window  width 
D  of  V'(u).  Equation  (31)  shows  that  this  can  be  realized 
by  increasing  the  radius  of  curvature  /0  or  reducing  the 
aperture  size  or  both.  Also  D  can  be  increased  by  increas¬ 
ing  the  frequency  of  operation.  For  silicon  nitride,  R(0) 
can  be  reproduced  much  more  faithfully  if  Ad  is  reduced 
to  \  ,  which  can  be  achieved  by  using  an  F/1.5  lens  with 
a  focal  length  of  32  mm  operating  at  20  MHz. 

Another  important  source  of  error  is  in  the  estimation 
of  the  velocity  of  water.  Since 

u  =  z/X  =  zf/v 

then 

zf 

du  =  — 4  dv  —  -udv/v.  (39) 

IT 


Suppose  the  wrong  v  >city  is  used  in  the  inversion.  In 
(25)  this  is  equivalent  :.>  changing  u  to 

u'  =  u  +  Au  =  u(\  -  A v/u).  (40) 


The  resulting  inversion  is  given  by 

\P'(t)RU)\'  =  |  V(u)  exp  Ij2ttu(  1  -  Av/u)t]  du 
or 


that  the  shift  distortion  as  a  function  of  incidence  angle  is 
of  the  form 


|  Ad  |  =  cot  6  Aviv  (42) 

which  shows  that  the  most  serious  errors  occur  at  low  an¬ 
gles  of  incidence. 

The  problem  of  determining  the  true  transform 
P2(6)R(6)  from  a  finite  segment  V'(z)  of  V(z)  is  a  common 
one  in  Fourier  analysis  and  spectral  estimation.  Various 
techniques  exist  in  the  literature  for  extrapolating  V'(z)  so 
that  a  more  accurate  determination  of  Pl(0)R(d)  can  be 
made.  Since  P2(6)R(6)  is  a  bandlimited  function,  the 
maximum  spatial  frequency  being  limited  by  the  angular 
extent  of  the  pupil  function,  V(z)  is  analytic  in  the  entire 
z  axis  [17].  In  principle,  an  iterative  algorithm  proposed 
by  Papoulis  (18)  can  be  used  to  improve  the  accuracy  of 
the  estimation  of  P2(d)R(6). 

Conclusion 

We  have  demonstrated  that  the  reflectance  function  of  a 
liquid-solid  interface  can  be  determined  by  inverting  the 
corresponding  complex  K(z)  data  from  an  acoustic  micro¬ 
scope.  This  inversion  technique  represents  a  more  com¬ 
plete  approach  to  material  characterization  than  previous 
F(z)-related  work.  The  phase  velocities  of  the  various 
propagating  modes  in  the  solid  medium  can  be  obtained 
directly  from  the  reflectance  function.  The  effect  of  ma¬ 
terial  loss  can  also  be  observed  and  quantified.  Moreover, 
this  measurement  technique  provides  a  means  of  gauging 
imaging  performance  of  focused  systems  by  directly  mea¬ 
suring  the  pupil  function  illumination.  In  addition,  there 
are  useful  practical  applications  in  the  area  of  thin-film 
characterization,  and  many  interesting  possibilities  exist 
for  more  complex  structures,  such  as  multi-layered  films. 
The  nonparaxial  formulation  of  the  F(z)  integral  is  im¬ 
portant  in  that  it  lays  a  sound  theoretical  foundation  for 
the  inversion  measurement  technique.  The  excellent 
agreement  between  the  theoretically  and  experimentally 
obtained  reflectance  functions  further  supports  the  validity 
of  the  nonparaxial  theory. 

Although  this  work  has  been  carried  out  and  discussed 
in  the  context  of  acoustic  microscopy,  the  validity  and  ap¬ 
plicability  of  many  of  the  underlying  concepts  extend  to 
optical  microscopy  as  well.  Provided  one  can  accurately 
measure  the  optical  phase,  which  is  not  trivial  but  cer¬ 
tainly  realizable  (22),  the  inversion  algorithm  described 
here  can  be  used  to  obtain  the  optical  reflectance  function 
from  the  corresponding  complex  optical  l'(z)  function. 


[P:U)RU)Y  =  P:R\(  1  -  Au/u)/].  (41) 

Therefore  using  an  erroneous  v  results  in  a  stretched  re¬ 
flectance  function  in  t.  Since  the  velocity  of  water  has  a 
large  temperature  coefficient,  4  m/s  per  °C,  this  error  can 
be  significant.  It  may  cause  enough  misalignment  of  the 
inversions  of  the  sample  material  of  interest  and  the  cali¬ 
bration  lead  sample  to  have  a  serious  effect  on  the  deter¬ 
mination  of  R(0),  From  (35)  and  (41 )  it  can  easily  be  shown 
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Am  ndix 

Auld  and  Kino  |  l‘>j  (21 1 .  by  using  the  reciprocity  theo¬ 
rem.  were  able  to  determine  the  normalized  reflected  sig¬ 
nal  or  reflection  coetlicient  \n  from  an  object.  The  theory 
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for  longitudinal  waves  in  a  liquid  can  be  stated  in  the  form 


Jn 


ju  |  ( u'p  -  up1)  n  dS 
4 P 


(Al) 


where  the  integral  is  taken  over  the  surface  of  the  object, 
u  is  the  displacement,  and  p  is  the  pressure  fields  associ¬ 
ated  with  an  incident  wave  of  temporal  frequency  u.  Here 
exp  (jut)  time  dependence  is  assumed.  The  superscript  i 
denotes  the  incident  or  transmitted  wave  when  the  object 
is  not  present,  and  the  unsuperscripted  terms  denote  the 
total  field  at  the  obstacle.  The  parameter  P  is  the  power 
exciting  the  transducer  for  a  given  incident  signal  u‘ ,  p‘. 

The  total  fields  can  be  written  in  the  form 


u  =  u‘  +  ur  (A2) 

P  =  P‘  +  Pr  (A3) 


where  the  superscript  r  denotes  the  waves  reflected  from 
the  object.  Substituting  (A2)  and  (A3)  into  (Al)  yields 


ju  l  (u‘pr  -  urp‘)n  dS 


s  II  — 


4  P 


(A4) 


If  the  object  is  a  semi-infinite  plane  normal  to  the  z  direc¬ 
tion,  sn  can  be  written  in  the  normalized  form 

\  (u\pr  -  u[p')dS 

V(z)  =  - 7 - - -  (A5) 

2  j  u\  p'  dS 

where  the  asterisk  denotes  the  complex  conjugate.  Finally 
it  is  convenient  to  write  the  pressure  in  terms  of  the  po¬ 
tential.  For  a  liquid  with  u  =  V</>,  it  can  be  shown  that 
p  =  Hence  it  follows  that 

f  (u‘.<t>r  -  ur.<}>')  dS 

V(z)  = - = - - -  (A6) 

2  j  dS 

Note  that  for  a  perfect  plane  reflector  located  at  the  focal 
plane  z  =  0  of  a  lens,  <t>r  =  4>'  =  <t>‘\  and  u[  = 
therefore  F(c)  =  1. 
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Abstract— Th*  measurement  and  the  use  of  phase  in  acoustic  micros¬ 
copy  are  discussed.  It  is  demonstrated  that  in  many  applications  phase 
can  be  used  to  provide  sensitivity  and  information  unparalleled  by  am¬ 
plitude-only  measurement  methods.  A  technique  capable  of  high- 
accuracy  measurement  of  the  phase  of  short  RF  acoustic  pulses  is  de¬ 
scribed.  The  power  of  this  phase  measurement  technique  is  illustrated 
in  a  number  of  applications.  Surface  material  property  measurements 
such  as  the  Rayleigh-wave  velocity  and  the  inversion  of  the  complex  V( ;) 
to  obtain  the  reflectance  function  of  a  liquid-solid  interface  are  consid¬ 
ered.  Surface  topography  mapping  based  on  phase  measurement  is  ex¬ 
amined.  A  Fourier  transform  approach  for  precision  determination  of 
linewidlhs  comparable  to  the  resolution  spot  size  is  also  presented. 

I.  Introduction 

HE  SCANNING  acoustic  microscope  is  a  high-reso¬ 
lution  imaging  system  in  which,  unlike  conventional 
optical  microscopes,  it  is  relatively  straightforward  to 
measure  the  phase  of  the  return  signal.  With  only  a  few 
exceptions  [  1  ]-[3),  attention  has  centered  only  on  the  use 
of  intensity  information.  In  some  of  the  main  areas  of  ap¬ 
plication  of  the  acoustic  microscope,  the  phase  of  the  re¬ 
ceived  signal  plays  an  important  role.  For  example,  in  the 
so-called  V( ;)  measurements  |4]-[7|,  the  amplitude  of  the 
received  signal  K(;)  as  a  function  of  the  separation  be¬ 
tween  the  lens  and  the  substrate  exhibits  periodic  peaks 
and  nulls.  This  phenomenon  is  due  to  the  beating  between 
a  specularly  reflected  signal  from  the  substrate  and  a  de¬ 
layed  leaky  Rayleigh-wave  signal,  which  reemits  to  the  lens 
while  propagating  along  the  surface  of  the  substrate.  The 
phase  difference  between  these  two  signal  components  is 
therefore  of  great  imp  'lance,  and  in  fact  it  controls  the 
contrast  of  rellectton.it  images.  In  addition,  it  has  been 
shown  that  the  independent  measurement  of  phase  and 
amplitude  can  be  very  useful  in  the  determination  of  the 
elastic  constants  of  tissue  [ K | .  |9|.  However,  little  effort 
has  been  made  to  extract  the  phase  of  the  return  signal 
separately. 

One  reason  for  the  reluctance  to  make  use  of  the  phase 
is  that  it  is  not  generally  trivial  to  measure  the  phase  of  a 
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high-frequency  tone  burst  with  sufficient  accuracy.  We  will 
describe  here  an  approach  that  is  relatively  easy  to  imple¬ 
ment  and  capable  of  yielding  high-precision  phase  data, 
even  from  very  short  tone  bursts.  The  details  of  the  phase 
measurement  technique  will  be  published  elsewhere,  and 
we  will  concentrate  here  on  some  of  the  applications  of 
the  system  to  acoustic  microscopy. 

There  are  many  motivations  for  making  measurements 
of  this  type.  Firstly,  they  offer  a  direct  indication  of  ma¬ 
terial  properties  as  in  the  measurement  of  Rayleigh-wave 
velocity.  Also,  the  results  of  the  phase  measurement  can 
be  used  to  infer  the  width  and  the  height  of  surface  fea¬ 
tures.  Finally,  the  combination  of  amplitude  and  phase 
measurements  can  be  used  in  the  reconstruction  processes 
in  which  complete  information  about  the  interaction  be¬ 
tween  acoustic  field  and  material  is  required,  as  in  the  in¬ 
version  of  F(c)  data  to  find  the  reflection  coefficient  as  a 
function  of  angle  1 10]. 

II.  Phase  Measurement  Scheme 
A.  Acoustic  Lens  Configuration 

In  making  precise  phase  measurements  that  are  related 
to  physical  properties,  it  is  generally  important  to  ensure 
that  the  reference  signal,  against  which  the  phase  of  the 
probing  signal  is  to  be  compared,  and  the  probe  itself  share 
as  many  of  the  instrumental  and  environmental  phase  dis¬ 
turbances  as  possible.  In  other  words,  precise  measure¬ 
ments  are  best  done  in  an  interferometer,  where  the  two 
arms  are  closely  matched. 

In  this  work  we  have  made  use  of  two  acoustic  mea¬ 
surement  configurations  that  largely  satisfy  this  general 
condition.  The  first  (Fig.  1(a))  is  reminiscent  of  the  de- 
focuscd  condition  used  in  f’(c)  measurements,  except  that 
here  a  fixed  separation  between  the  lens  and  the  sample 
surface  is  maintained.  Two  components  of  the  acoustic 
field  returned  to  the  lens  contribute  most  significantly  to 
the  output  signal:  the  on-axis  specular  reflection  of  the 
longitudinal  wave  in  the  water  ( /.  in  Fig.  la);  and  the  off- 
axis  rays  ( /?).  which  satisfy  the  condition  tv*’#  -  sin  t)R 
for  the  conversion  of  longitudinal  waxes  xxith  velocity  t  » 
in  the  water  to  leaky  Rayleigh  waves  w  ith  velocity  rR  on 
the  surface  of  the  sample  |4|.  |S). 

These  two  signals,  l.  and  R.  differ  slightly  in  path  length 
in  water  but  otherw  ise  experience  much  the  same  environ- 
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Fig  l  Acoustic  lens  configurations,  (a)  Rayleigh*\*ave  velocity  perturba- 
lion  measurement,  (b)  Topography  mapping 


mental  disturbances.  However,  the  Rayleigh-wave  com¬ 
ponent  acquires  substantial  phase  delay  at  the  surface  of 
the  specimen,  hence  the  effective  path  length  for  the  R 
signal  is  longer  than  that  of  the  specular  reflection.  Indeed 
in  our  experiments  we  use  the  different  arrival  time  of 
these  two  return  signals  to  facilitate  their  separation  and 
subsequent  phase  comparison.  The  excitation  signal  is  two 
to  three  cycles  in  duration,  and  the  defocus  distance  is 
sufficient  that  there  is  no  temporal  overl;  p  of  the  signals. 
It  is  clear  that  changes  in  the  Rayleigh-wave  velocity  as  a 
function  of  position  along  the  surface  of  the  specimen  may 
be  sensed  in  this  way.  By  combining  a  high-accuracy  phase 
measurement  scheme  with  a  suitably  extended  Rayleigh- 
wave  path,  remarkably  sensitive  measurements  can  be 
made 

The  second  configuration  that  concerns  us  is  illustrated 
in  f  ig.  1(b)  In  this  case  the  lens  is  positioned  so  that  its 
focus  is  at  the  surface  of  the  specimen  or  slightly  above  it 
so  that  no  Rayleigh  wave  of  importance  is  excited.  A  ref¬ 
erence  path  is  provided  by  an  annular  beam  that  propa¬ 
gates  through  the  Hat  outer  periphery  of  the  lens.  By  ex¬ 
citing  the  lens  with  a  short  pulse,  and  once  again  using 
time  discrimination  to  separate  the  signals  from  the  two 
different  paths,  an  interferometer  is  formed.  Now  small 
local  changes  in  the  surface  topography  result  in  large 
changes  in  the  phase  of  the  focused  beam  relative  to  the 
phase  of  (he  large  diameter  reference  beam. 

In  both  measurement  configurations  it  is  apparent  that 
the  signals  of  interest  arrive  at  different  times,  and  this 
would  ordinarily  make  phase  comparison  impossible. 
However,  the  electronic  system  described  in  the  next  sec¬ 
tion  essentially  reconstructs  two  phase-coherent  continu 
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ous  signals  that  are  directly  related  to  the  amplitudes  and 
phases  of  the  two  time-distinct  return  signals. 

The  first  configuration  is  also  used  where  the  signal  of 
interest  is  the  transducer  output  voltage,  when  the  system 
is  operated  in  the  V(  z)  mode.  In  this  case  the  exciting 
signal  has  a  much  longer  duration  so  that  the  return  signals 
(L  and  R)  overlap  and  interfere  at  the  transducer  even  for 
large  defocus  distances.  The  idea  here  is  to  measure  both 
the  amplitude  and  the  phase  of  the  signal  relative  to  some 
reference  as  a  function  of  the  axial  separation  r  between 
the  acoustic  lens  and  the  specimen.  The  resulting  complex 
K(c)  can  be  inverted  ( 10]  to  obtain  the  angular  depen¬ 
dence  of  the  reflectance  of  the  liquid-specimen  interface. 
From  the  reflectance  function,  various  material  property 
parameters  can  readily  be  extracted. 

Jn  the  experiments  described  here,  a  center  frequency 
of  50  MHz  was  used  with  an  acoustic  transducer  having  a 
bandwidth  of  20  percent.  The  lens  material  was  fused 
quartz  and  had  a  radius  of  curvature  of  3.2  mm,  giving  a 
focal  length  in  water  of  4.24  mm.  The  opening  aperture 
of  the  lens  was  5.0  mm  in  diameter,  corresponding  to  a 
maximum  half  angle  of  36°  or  an  (  number  of  0.85. 

Providing  the  same  fractional  bandwidth  can  be  main¬ 
tained.  there  should  be  little  difficulty  in  applying  fhe  same 
techniques  to  a  system  operating  al  much  higher  fre¬ 
quency.  perhaps  up  to  2  GHz.  Beyond  that  frequency,  lim¬ 
itations  in  the  electronic  switching  components  presently 
available  may  present  difficulties. 

H.  ilo  tromcs 

The  essential  elements  of  the  phase  measurement  elec¬ 
tronics  are  shown  schematically  m  Fig.  2.  The  system  will 
be  described  in  detail  in  a  forthcoming  paper  |1X|.  where 
various  sources  of  error  and  an  analysis  of  the  ultimate 
performance  are  discussed.  A  more  general  review  of  the 
concepts  will  suffice  here. 
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The  basic  scheme  involves  signal  recovery  by  synchro¬ 
nous  detection  and  subsequent  phase  measurement  with  a 
lock-in  amplifier.  The  key  component  (Fig.  2)  in  the  signal 
source  is  the  single  sideband  generator  (SSB)  with  syn¬ 
chronous  outputs  at  100  kHz,  10.6  MHz,  and  10.7  MHz. 
The  10.7-MHz  output  is  in  fact  the  upper  sideband  of  the 
product  of  the  100  kHz  and  10.6-MHz  signals.  The  lower 
sideband  at  10.6  MHz  is  suppressed  by  at  least  50  dB  using 
a  standard  FM  radio  system  IF  filter.  The  translation  os¬ 
cillator  shifts  the  operating  frequency  up  to  the  desired 
center  frequency  of  the  acoustic  system,  which  is  50  MHz 
in  this  case.  A  reference  signal  at  49.9  MHz  is  also  gen¬ 
erated.  Again  the  lower  sideband  components  of  the  prod¬ 
uct  signals  have  to  be  removed.  At  this  point  however  the 
filtering  requirements  are  not  as  stringent  as  in  the  SSB 
generator  and  tunable  bandpass  filters  (F3  and  F4)  with 
five-percent  bandwidth  are  adequate,  since  the  sidebands 
are  now  widely  separated.  This  signal  generation  scheme 
is  flexible  in  that  the  operating  frequency  is  tunable  over  a 
fairly  wide  range,  which  is  limited  in  this  case  to  100  MHz 
by  the  bandpass  filters.  For  much  higher  frequency  of  op¬ 
eration,  filters  with  greater  selectivity  would  be  needed  or, 
alternatively,  successive  stages  of  heterodyning  could  be 
used  with  filtering  at  each  stage  to  step  up  incrementally 
to  the  desired  operating  frequency. 

As  illustrated  in  Fig.  2  with  a  50-MHz  acoustic  micro¬ 
scope,  the  50-MHz  continuous  wave  (CW)  signal  is  time¬ 
gated  to  produce  a  short  tone  burst  that  excites  the  acous¬ 
tic  transducer.  Switch  SW3  is  used  as  a  time  gate  to  pass 
the  low-level  acoustic  return  signals  of  interest  and  to  block 
high-level  extraneous  ones,  which  may  damage  the  pream¬ 
plifier.  The  acoustic  return  signals  are  time-separated  RF 
pulses,  and  they  are  electronically  separated  through  time¬ 
gating  into  two  channels  as  shown.  Each  of  the  resulting 
signals  is  mixed  with  the  49.9  MHz  reference  signal,  and 
the  product  is  narrow-band  filtered  to  extract  the  100-kHz 
component. 

It  can  be  shown  [181  that  the  100-kHz  signals  are  es¬ 
sentially  low-frequency  CW  replicas  of  the  pulse  modu¬ 
lated  RF  acoustic  signals,  bearing  identical  phase  and  am¬ 
plitude  information.  V  n  a  biphase  lock-in  amplifier  tuned 
to  100  KHz,  one  can  readily  measure  the  phase  difference 
between  the  two  signals  and  also  the  amplitude  of  the  sig¬ 
nal  being  fed  to  the  “signal"  channel  of  the  lock-in,  if  it 
is  required.  Phase  sensitivity  is  basically  limited  by  the 
lock-in  amplifier  because  the  problem  of  system  noise  can 
in  most  cases  be  overcome  by  increasing  the  integration 
time  in  the  lock-in  output  stage.  This  effectively  reduces 
the  system  noise  bandwidth,  but  it  also  includes  the  ob¬ 
vious  disadvantage  of  longer  data  acquisition  time.  Good- 
quality  lock-m  amplifiers  routinely  have  phase  resolution 
of  the  order  of  0.1°.  which  corresponds  to  an  overall  sys¬ 
tem  phase  sensitivity  of  1/3600  of  a  wavelength. 

In  velocity  perturbation  measurements  the  measured 
phase  is  dependent  on  the  distance  between  the  lens  and 
the  specimen.  This  distance  changes  with  the  sample  sur¬ 
face  topography  and  is  susceptible  to  thermal  drift  as  well. 


thus  introducing  phase  error  into  the  measurement.  To 
minimize  this  error,  a  feedback  mechanism  is  employed 
to  keep  the  lens-to-specimen  spacing  constant.  The  acous¬ 
tic  lens  is  mounted  on  a  piezoelectric  (PZT)  stack  so  that 
its  vertical  position  can  be  adjusted  continuously  by  an 
electronic  control  signal.  The  acoustic  on-axis  reflection 
pulse,  whose  phase  is  a  direct  measure  of  the  lens  to  sam¬ 
ple  distance,  is  applied  to  the  reference  channel  of  the  lock- 
in  amplifier  as  shown  in  Fig.  2.  The  reference  channel 
generates  a  100-kHz  constant-amplitude  phase-locked 
replica  of  the  reference  input,  which  is  then  compared  with 
the  100-kHz  output  of  the  SSB  generator  to  produce  the 
control  signal  for  the  PZT  stack.  The  acoustic  lens  auto¬ 
matically  tracks  the  surface  topography  of  the  sample  dur¬ 
ing  scanning  to  ensure  that  the  measured  phase  change  is 
due  to  material  property  variation  alone.  This  feedback 
mechanism  is  also  used  effectively  in  such  modes  of  op¬ 
eration  as  topography  measurement  to  compensate  for 
thermal  effects. 

III.  Applications 

The  power  of  this  measurement  scheme  is  illustrated  in 
the  following  with  a  number  of  examples.  We  will  consider 
both  material  property  measurements,  such  as  Rayleigh- 
wave  velocity  and  complex  reflectivity,  and  surface  topog¬ 
raphy  measurements. 

A.  Velocity  Perturbation  Measurements 

In  this  section  we  will  specifically  deal  with  the  pertur¬ 
bation  to  the  Rayleigh-wave  propagation  velocity  as  a  re¬ 
sult  of  material  property  change  and  also  the  presence  of 
surface  residual  stress. 

1)  Velocity  Perturbation  Due  to  Diin-Film  Over¬ 
lay:  The  sample  in  this  example  is  a  multiple-thickness 
indium  film  deposited  on  glass.  The  thicknesses  are  240 
A  and  620  A  .  respectively.  The  objective  was  to  measure 
the  perturbation  of  the  Rayleigh-wave  velocity  caused  by 
the  indium  film.  A  line  scan  over  the  surface  of  the  sample 
(Fig.  3)  exhibits  phase  changes  of  1°  and  11  °  for  the  240- 
A  and  380- A  step  changes  in  film  thickness.  The  spatial 
resolution  of  the  system  is  defined  by  the  Rayleigh-wave 
path  length  on  the  substrate  and  is  determined  to  be  about 
0.8  mm  from  the  step  transition  width  in  the  line  scan.  It 
can  be  calculated  from  first  order  perturbation  theory  [11] 
that  the  velocity  perturbation  due  to  the  indium  film  is  0.18 
percent  and  0.46  percent  for  the  240- A  and  620- A  layers, 
respectively.  Based  on  these  estimated  parameters,  one 
would  expect  phase  changes  of  7.6°  and  12°  for  the  240- 
A  and  380- A  step  transitions.  Hence  there  is  fairly  good 
agreement  between  the  experimentally  obtained  and  the¬ 
oretically  predicted  phase  changes.  It  should  also  be  noted 
that  in  the  line  scan,  the  small  phase  variations  in  the  sup¬ 
posedly  flat  regions  of  the  indium  film  arc  real  and  re¬ 
peatable.  The  fluctuations  are  less  than  0.5°  and  are  due 
to  nonuniformity  in  the  thickness  of  the  indium  film.  Since 
the  phase  sensitivity  of  the  system  is  limited  by  the  lock- 
in  amplifier  to  0.1°.  this  measurement  technique  can  po- 
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Fig  .V  Measurement  of  velocity  perturbation  due  to  indium  film  on  glass. 


tentially  detect  velocity  perturbations  on  the  order  of  one 
part  in  10s. 

2)  Residual  Stress  Measurement:  In  nondestructive 
testing,  knowledge  of  the  surface  residual  stress  distribu¬ 
tion  in  a  component  plays  an  important  role  in  the  predic¬ 
tion  of  failure  modes.  One  way  of  characterizing  residual 
stress  is  by  measuring  the  acoustic  wave  propagation  ve¬ 
locity,  which  varies  linearly  with  the  local  stress  ( 12|.  With 
the  measurement  configuration  shown  in  Fig.  1(a)  the 
measured  change  in  the  relative  phase  between  the  L  and 
R  signal  pulses  as  the  lens  is  scanned  can  be  shown  to  be 
directly  proportional  to  the  residual  stress  on  the  object 
surface  1 13|. 

The  sample  used  in  the  experiment  is  a  glass  disk  of  two 
inches  in  diameter  that  was  heated  and  then  thermally 
quenched  with  air  jets  to  introduce  a  radial  distribution  of 
residual  stress.  Fig.  4(b)  shows  the  radial  variation  of  the 
measured  phase  perturbation.  For  comparison  a  destruc¬ 
tive  test  was  carried  >  .  .  on  a  similar  sample  to  determine 
the  actual  residual  stress  distribution.  A  Vicker's  indenter 
was  used  at  a  prescribed  load  to  produce  median  cracks  at 
different  points  on  the  glass  disk.  By  measuring  the  crack 
lengths,  the  residual  stress  as  a  function  of  radial  distance 
was  calculated  J 14 1 .  The  result  of  the  destructive  test  is 
shown  in  Fig.  4(a).  The  variation  of  the  principal  stresses 
arc  essentially  the  same,  with  the  radial  and  tangential 
component*  tracking  each  other  to  within  20  MPa.  Since 
the  phase  measurement  is  omnidirectional  in  that  a  spher¬ 
ical  lens  was  used  to  launch  Rayleigh  waves  propagating 
in  all  directions  along  the  surface,  the  resulting  phase  per¬ 
turbation  is  a  measure  of  the  sum  of  the  principal  stresses. 
Comparison  of  Figs.  4(a)  and  4(b)  shows  that  there  is 
fairly  good  corroboration  between  the  phase  perturbation 
curve  and  the  actual  residual  stress  distribution.  From 
these  results  we  empirically  deduce  that  40  MPa  of  stress, 
which  is  the  change  from  the  center  of  the  sample  to  the 
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Fig.  4.  Residual  stress  measurements  on  the  surface  of  a  tempered  glass 
disk,  (a)  Van..' inn  of  radial  (open  symbols)  and  tangential  stresses  (closed 
symbols)  across  a  diameter  of  the  glass  disk  estimated  from  indentation 
fracture  tests,  (b)  Radial  variation  of  measured  phase  perturbation 


limit  of  the  line  scan,  corresponds  to  a  phase  variation  of 
30°. 

B.  Surface  Topography  Measurements 

We  have  used  the  acoustic  microscope  in  the  measure¬ 
ment  configuration  shown  in  Fig.  Kb)  as  a  high-resolution 
noncontacting  profilometer  (13|,  |15|.  Besides  being  able 
to  make  use  of  phase  profile  to  map  th  depth  variation, 
we  ean  also  determine  with  high  precision  the  transverse 
profile  of  surface  features  in  special  cases.  Of  particular 
interest  in  this  regard  is  the  measurement  of  the  widths  of 
long  rectangular  strips,  which  is  a  matter  of  great  concern 
in  the  fabrication  of  semiconductor  components  We  will 
show  here  both  experimentally  and  theoretically  the  ad¬ 
vantages  of  utilizing  phase  to  determine  the  linew  idth.  We 
will  also  introduce  here  a  Fourier  transform  technique  for 
linew  idth  measurement  in  cases  where  the  strip  width  is 
comparable  to  the  spot  size. 

I)  Depth  Profiling:  Topography  images  of  metallized 
stripe  patterns  on  a  fused-silica  substrate  are  shown  in 
Figs.  5(a),  5(b).  and  5(d).  The  patterns  have  progressively 
finer  pitches  and  the  linewidths  are  250.  125,  and  62 .5 
pm.  respectively.  The  metallization  is  gold  with  a  thick¬ 
ness  of  about  3000  A  .  The  gold  stripes  show  up  as  bright 
areas  in  the  images.  At  50  MHz.  with  an  f-number  of  0.X5 
and  a  uniformly  excited  aperture,  the  Rayleigh  resolution 
of  the  acoustic  lens  is  1.13  FX  -  03)6  X  or  2l)  pin.  while 
the  3-dB  resolution  is  0.64  FX  0.54  X  or  16  pill.  The 
62. 5-pm  line  image  in  Fig.  5(d)  is  clearly  resolved,  as 
would  be  expected.  The  amplitude  image  of  the  125-ptn 
stripes  is  shown  in  Fig.  5(c)  for  comparison.  There  is  vir- 
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(e)  Perspective  plot  ot  the  measured  topography  map  ot  the  250  ^m  line 
pattern 

tually  no  contrast  to  si:  zest  the  presence  of  a  striped  pat¬ 
tern.  clearly  illustrating  that  phase  is  a  far  more  sensitive 
means  of  gauging  distances.  The  measured  phase  differ¬ 
ence  between  the  surface  of  the  metallization  and  the 
surface  of  the  fused-silica  substrate  is  8.3°,  which  corre¬ 
sponds  to  a  film  thickness  of  2800  A  after  taking  into 
account  the  angular  dependence  of  the  complex  reflec¬ 
tance  function  and  the  effect  of  focusing. 

We  will  show  here  that,  based  on  theoretical  consider¬ 
ations.  indeed  the  phase  rather  than  the  magnitude  of  the 
acoustic  microscope  output  f'<  O  is  a  more  sensitive  mea¬ 
sure  of  the  depth  profile.  Consider  the  simple  case  of  a 
rectangular  strip  of  width  »v  on  a  substrate  of  identical 
material  Assume  that  the  reflection  coefficient  I',,  of  the 
surface  ; real.  Then  the  spatial  response  ot  the  strip 
structure  is  given  by 

Ri  x)  =  F„  f  I'n  ( el0  -  1)  reel  f.i/iv)  (1) 


where  0  is  the  phase  change  due  to  the  thickness  of  the 
strip.  Let  the  response  of  the  imaging  system  to  a  line 
source  be  h(x).  Furthermore,  suppose  that  the  lens  is  uni¬ 
formly  illuminated  in  the  back  focal  plane  and  the  lens  is 
aberration-free  so  that  h(x)  is  real.  The  acoustic  micro¬ 
scope  output  is  therefore  given  by 

V{x)  =  R(x)  *  h(x)  (2) 

or 

V(x)  =  r{)K  +  r0  (e1*  -  1)  six)  (3) 

where 

x(t)  =  h{x)  *  rect  (  r/w )  (4) 

and 

J+-  OD 

/iU)  dx. 

-  OD 

The  first  term  on  the  right-hand  side  of  (3)  corresponds  to 
the  constant  background  reflection  from  the  substrate,  and 
the  second  term  corresponds  to  the  additional  spa¬ 
tially  varying  contribution  that  is  due  to  the  strip.  It  can 
easily  be  shown  that  for  a  thin  strip  where  0  «  1,  to 
second  order  in  0,  the  magnitude  and  the  phase  of  V(x) 
are  given  respectively  by  the  relations 

•W  *)  =  r ()K  +  \s(x)  -  K]  02  (5) 

and 

(We(*)  =  |  •*(*)•  (6) 

The  Krhast.(.r)  is  directly  proportional  to  0.  whereas  the 
spatially  varying  part  of  KmjR(.r)  depends  on  <t>  to  the  sec¬ 
ond  order.  Thus  for  thin  strips,  phase  is  a  much  more  sen¬ 
sitive  measure  of  the  depth  profile. 

2)  Linewidth  Measurement:  A  major  advantage  of 
scanned  con  focal  imaging  systems  such  as  ours  is  that  be¬ 
cause  the  point  spread  function  is  always  positive  and  falls 
off  lapidly  at  large  distances,  there  is  hardly  any  ripple  in 
the  amplitude  of  the  step  response  [16],  [17|  A  similar 
smooth  transition  in  the  phase  of  the  step  response  can 
also  be  observed  in  the  perspective  plot  shown  in  Fig.  5(e). 
For  the  purpose  of  comparison,  we  have  carried  out  a  nu¬ 
merical  analysis  for  the  step  phase  responses  of  different 
imaging  configurations.  For  small  step  heights,  or  equiv¬ 
alently  small  phase  changes,  the  normalized  phase  step 
response  is  of  the  form 

e*  jo 

(M x)  =  I  ,«•(  r)  cos  1  (  v/r)  r  dr  (7) 

J  l 

where  x  is  the  distance  between  the  center  of  the  beam 
and  the  step,  and  g(r)  is  the  point  response  function  of 
the  imaging  system.  It  is  assumed  that  regions  on  either 
side  of  the  step  are  of  equal  reflect iv  it y.  The  step  response 
function  is  plotted  in  normalized  form  in  Fig  6  for  two 
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j  ft  Stop  phase  response  of  a  normal  phase  interference  microscope 
1  solid  curse l  and  «i  contocal  imaging  system  ( theory  in  dashed  curve, 
experimental  result  in  closed  circles). 


afferent  cases.  The  solid  curve  corresponds  to  g ( r>  = 
.nc  (2r  sin  f)/X),  which  is  the  point  response  of  a  normal 
'base  interference  microscope  where  the  illumination  is 
i  plane  wave.  Here  U  is  the  maximum  half  angle  of  the 
•hjeclive  lens:  X  is  the  wavelength  of  the  illumination;  and 
me  (  t)  is  defined  as  27,( vx)/nx.  Note  that  in  this  case 
:  i  r)  reverses  in  sign  and  its  corresponding  step  phase  re- 
■  ponse  does  not  change  monotonieally  with  distance.  The 
lashed  curve  corresponds  to  i>(r)  =  jinc:  (2 r  sin  0/\). 
he  point  response  ot  a  confocal  system.  The  con  focal  re¬ 
sponse  shows  a  distinct  lack  of  ripples.  The  experimen¬ 
tally  measured  step  phase  response  is  also  plotted  in  closed 
circles  showing  close  agreement  with  theory.  In  both  im¬ 
aging  configurations,  the  50-percent  threshold  of  the  phase 
profile  demarcates  the  location  of  the  edge.  It  is  obvious, 
however,  that  the  smooth  transition  of  the  confocal  step 
phase  response  enables  a  straightforward  and  unambigu¬ 
ous  determination  of  not  only  the  strip  thickness  but  also 
the  strip  w idth. 

The  50  percent  thresh  ■  :  criterion  used  to  locate  the 
edges  ot  a  strip  for  estimating  the  linewidth  is  a  valid  one 
for  wide  strips  Tor  strip  w  idths  comparhlc  to  the  spot  si/e 
of  the  imaging  system,  the  step  responses  of  the  two  edges 
are  in  close  proximity  and  tend  to  interfere  with  each 
other,  making  the  establishment  of  a  general  criterion  for 
locating  the  strip  edges  difficult.  We  will  describe  here  a 
Fourier  transform  method  that  circumvents  these  dithcul 
ties 

Apple  ing  Ton ricr  transform  to  ift)  and  using  the  dcti 
mtion  ot  1 1  <  i  in  (4).  the  spatial  frequence  spectrum  ol 
F|,w(  /,  I  is  given  he 

o 

I’,. /, )  //<  /,  l  •  u  sme  in/,  i  (Si 

A 

whore  //(  /,)  is  the  Fourier  transform  <>l  /mu  The  term 
with  the  sme  function  corresponds  to  the  lourier  trans 
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Fig  7.  Spectral  responses  ot  5000  A  ihiek  gold  lines  t*n  .1  I  used  quart/ 
substrate  Tfie  nominal  linewidihs  are  7ft  fit n.  45  and  .M  gm,  re¬ 
spectively 


form  of  the  spatial  variation  of  the  strip  and  its  zeroes  are 
located  at 

/,  =  h/vv.  n  =  1 .  2.  3,  ■  ■  ■  (9) 

The  term  //(/,)  represents  the  angular  spectral  response 
of  the  imaging  system.  Fora  confocal  system  is 

maximum  at  /,  =  0  and  generally  falls  off  monotonieally, 
until  it  becomes  zero  at  the  upper  cutoff  frequency  of 

/, .  =  MFX) 

where  F  is  the  1-number  of  the  lens,  and  X  is  the  wave¬ 
length  of  the  illumination  1 lft|.  1 1 7 1  Hence  the  zeroes  of 
Tph.„c( /.)  arc  those  of  the  strip  response  within  the  pass- 
hand  of  the  imaging  system.  As  long  as 

>v  >  /'X  ( 10) 

the  strip  width  iv  can  he  determined  using  iH)  from  the 
locations  of  the  zeroes  of  l  /,).  In  our  case  /•  0.X5. 

so  in  principle  we  can  determine  linewidths  as  small  as 
0.85  X  or  25  ftm  at  50  MHz  in  water. 

The  merit  of  this  Fourier -transform  technique  lies  m  it > 
simplicity.  Given  a  priori  knowledge  of  the  -.trip  geome¬ 
try,  one  does  not  need  to  know  the  exact  nature  of  imaging 
system.  The  mere  location  of  the  /crocs  for  the  spectral 
response  of  the  object  suffices  for  the  accurate  determi¬ 
nation  of  the  linewidth. 

Fig.  7  illustrates  the  experimental  1 1  1 1  for  u 

7ft  /tin.  45  ;<m.  and  35  /<m.  respectively.  The  strips  .ire 
5000  A  thick  gold  lines  on  a  fused  quart/  substrate.  I  he 
acoustic  microscope  operates  at  50  Mil/  (X  -  30  (uni 
with  /■  -  0.85.  and  the  acoustic  beam  is  loeused  on  the 
surface  of  the  fused  quart/  substrate  The  1  /,  i  is 

plotted  i’ll  a  log  scale,  fhe  weighting  due  to  the  imaging 
system  response  //(  /,  F  all  (lie  wav  out  to  the  resolution 
limit  is  very  much  in  evidence  flic  linewidths  estimated 
Irom  the  position  of  ifie  first  /cro  ol  l  <  /,  I  are  7ft.  4. 
4  4  5.  and  31  4  ;,m.  respectively  I  hey  agree  very  well  vvnh 
the  optically  measured  widths  The  minor  discrepancies 
arc  mainly  due  to  the  nonumtoi  mitv  in  die  widths  ot  the 
gold  lines 

In  addition,  this  lourier  transform  approach  is  essen¬ 
tially  insensitive  to  detocusme  It  isobvioustroiiiiSith.it 
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\  iv’  8  Spectral  responses  ol  2<8K)  \  thick  76  wuk‘  chrome  line  on  a 
fused  quart/  Mihstr.tfe  at  varum*.  JcfocuMni:  distance*.  -  t)  /ini,  *60 
^m.  .ind  *  SO  ^m.  respect i\cl> 

defocusing  only  changes  the  spectral  response  of  the  im¬ 
aging  system  //(/,)  slightly  and  does  not  introduce  any 
new  zeroes  to  nor  does  it  affect  the  zeroes  of  |  P  hasc(  /,)|. 
fig  X  shows  the  experimental  I  Chj,0(  /,)|  fora  2000-  A  - 
thick  and  76-^m-wide  chrome  line  on  fused  quartz,  at  var¬ 
ious  detoeusing  distances.  The  locus  was  located  on  the 
substrate,  and  60  n m  and  80  /zrn  above  the  substrate,  re¬ 
spectively.  The  locations  of  the  first  zero  in  all  three  cases 
are  essentially  coincident,  giving  a  width  estimate  of 
76. 1  /<m. 

3)  Independent  Measurement  of  Velocity  Perturbation 
and  Topoi;rapliy:  In  conventional  acoustic  micrographs, 
surface  topography  and  material  property  both  contribute 
to  contrast  in  the  image,  and  their  respective  effects  are 
generally  indistinguishable  from  one  another.  With  the  to¬ 
pography  tracking  mechanism  described  in  Section  11-2 
built  into  our  phase  measurement  system,  surface  topog¬ 
raphy  and  material  properly  change  can  essentially  be  ob¬ 
tained  independent  of  each  other. 

fig  6(a)  is  the  topographic  line  scan  of  an  aluminum 
film  step  on  glass  with  a  nominal  thickness  of  5000  A  . 
The  initial  and  trailing  slow  phase  changes  are  due  to  the 
large  spatial  extent  of  the  reference  signal  as  it  traverses 
the  step,  whereas  the  abrupt  phase  change  is  mie  to  the 
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1'iji  V  Independent  rncasuununts  o,  vcl«N its  perturhation  and  top*»erjph\ 
profile  due  (<  5(88)  A  aluminum  film  step  « a #  I“p«*eraph>  profile  scan 

lb)  Topographs  profile  van  on  an  expanded  scale  ic  )  Wlocits  pertur¬ 
bation  se  n 

curve  to  determine  only  the  Ra\lcigh-wave  velocity.  The 
solid  curves  in  t  ig.  10  show  the  magnitude  and  the  phase 
of  the  theoretical  reflectance  function  of  a  water- fused  - 
silica  interface.  The  reflectance  function  contains  infor¬ 
mation  on  the  longitudinal  and  shear  critical  angles,  and 


focused  beam  as  it  cro  -cs  the  step.  f  ig.  9(h)  is  the  same 
profile  on  an  expands*:  ale.  The  phase  change  caused  by 
ihc  step  is  11.25  .  winch  corresponds  to  a  thickness  of 
46, XX  A  W  ith  a  limiting  phase  resolution  of  0.1°.  the  ul¬ 
timate  height  sensitivity  ol  the  system  is  about  50  A. 

fig  6 1  s' )  shows  a  velocity  perturbation  scan  of  the  same 
sample  I  he  phase  change  measured  is  7.75".  correspond¬ 
ing  to  a  velocity  perturbation  of  0  25  percent,  which  is  m 
fair  acrecment  with  the  theoretically  calculated  value  of 
'I  2  I  percent 

(  A’<  til  I  hint  I  h\  Inu -rston  of  (  ompl<  \  1(c) 

It  lias  been  demonstrated  that  the  reflectance  function 
at  a  liquid  solid  interface  can  he  obtained  bv  inverting  the 
correspondin'’  complex  I  (  ;i  data  |  I0|  The  principle  mo 
Iiv.i'ioii  behind  Oils  endeavor  is  t fi.it  one  can  obtain  much 
more  useful  material  pioperty  mlorm.ilion  from  the  re 
lies  tancs-  function  than  the  usual  and  lather  limiiesl  Heal 
nu-nt  ot  mcasiirme  ihe  periodicity  of  the  nulls  in  ills-  t'l  ;) 


thus  the  velocities  of  propagation  of  the  respective  modes 
in  fused  silica.  Also,  the  Rayleigh  critical  angle  corre¬ 
sponds  to  the  point  at  which  ihe  phase  is  7r  radians  in  the 
region,  where  the  phase  curve  undergoes  a  rapid  2 zr  ra¬ 
dian  change. 

It  can  be  shown  that  the  relation  between  ft ;)  and  the 
reflectance  function  Kttt)  is  essenttallv  one  of  bourier 
transformation  1 1()|  The  inversion  formula  is  given  bv 

.  T  [  !'(/()  exp  I  tit  u  sur  to  2 1| } 

Kin  ,  .  ,  dll 

|  /  mj  /*  i  n  1 1  It  sin  (o  2 )  1 

where 
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Fig  10  Theoretical  and  experimental  reflectance  function  for  a  water- 
fused  quartz  interface  obtained  by  inversion  of  the  corresponding  com¬ 
plex  L(c). 

The  or  is  the  maximum  half  angle  of  the  lens;  d  is  the 
incident  angle  with  respect  to  the  liquid-solid  interface; 
and  X  is  the  wavelength  of  the  acoustic  wave  in  the  liquid 
medium.  In  addition.  U{  is  the  back  focal  plane  illumi¬ 
nation.  and  P  is  the  pupil  function  of  the  lens.  Generally 
these  two  lens  parameters  are  not  known,  but  P~  in 

the  denominator  of  (11)  can  be  calibrated  by  measuring 
the  V(  z)  fora  material  whose  reflectance  function  has  uni¬ 
form  amplitude  and  phase  over  the  range  of  angular  spec¬ 
tral  components  excited  hv  the  acoustic  lens. 

The  l’(;)  measurements  were  conducted  at  10  MHz.  A 
water  lead  interface,  in  which  the  reflectance  function  is 
uniform  in  magnitude  and  phase  out  to  0  =  40°.  was  used 
to  calibrate  the  |f,Y)2  P:  term.  The  experimental  reflec¬ 
tance  function  of  fused  silica,  obtained  from  the  inversion 
procedure,  is  superposed  on  Fig.  10  in  dashed  lines.  There 
is  good  agreement  between  theory  and  experiment  in  both 
magnitude  and  phase.  The  measured  shear  critical  angle 
at  0  ~  23.5°  and  the  Rayleigh  critical  angle  at  0  =  25.85" 
compare  extremely  well  with  theoretical  values. 

IV.  Conci  t  SION 

We  have  demonstrated  that  phase  information  is  a  use¬ 
ful  asset  in  acoustic  microscopy.  Phase  can  be  used  to  pro¬ 
vide  sensitivity  and  information  in  surface  material  char¬ 
acterization  unparalleled  by  amplitude-only  measurement 
techniques  Most  of  the  concepts  described  in  this  work 
have  complete  generality  and  can  readily  be  used  in  other 
applications  In  fact,  many  ideas  presented  in  this  work 
have  been  applied  to  a  new  scanning  optical  microscope 
|l')|  developed  by  Jungerman  and  Kmo  tor  surface  topog¬ 
raphy  measurement.  In  the  optical  ca-e  both  the  amplitude 
and  the  phase  of  the  reflected  beam  can  be  measured  as 
in  the  acoustic  microscope  Preliminary  recalls  from  the 
scannine  optical  microscope  give  further  i  .mtirmation  of 
most  of  the  concepts  put  forth  in  this  paper 
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Characterization  of  surface  defects  using  a  pulsed  acoustic  laser  probe 
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A  pulsed  acoustic  laser  probe  is  used  to  measure  vertical  acoustic  displacements  in  the  near  field  of 
surface  defects.  A  method  of  optically  determining  acoustic  reflection  coefficients  in  the  time 
domain  is  presented.  The  spatial  variation  of  acoustic  displacements  over  a  slot  is  modeled  with  a 
static  theory.  This  theory  estimates  a  depth  of  230 pm  for  a  250-//m-deep  slot.  A  near  field  image 
of  a  fatigue  crack  demonstrates  an  application  of  the  technique. 

PACS  numbers:  46.30.Rc,  42.80.Mv,  43.40.Cw,  68.25.  +  j 


In  the  field  of  nondestructive  evaluation  of  materials, 
there  is  considerable  interest  in  determining  the  location  and 
size  of  surface  defects.  Defects,  such  as  fatigue  cracks  in  the 
surface  of  a  metal  sample,  can  determine  the  failure  of  the 
specimen  under  load.  Acoustic  surface  waves  have  been  used 
to  locate  and  size  defects  using  time  domain  reflectometry . 1,2 
In  this  method,  a  piezoelectric  transducer  is  used  to  excite  a 
short  acoustic  pulse.  The  reflected  echo  from  a  discontinuity 
is  then  detected  with  a  transducer.  The  amplitude  of  the 
reflected  signal  gives  information  on  the  cross-sectional  area 
of  the  defect  while  the  time  delay  of  the  echo  determines  the 
defect  position.  In  analyzing  the  acoustic  reflection  coeffi¬ 
cient,  allowance  must  be  made  for  the  transmitting  and  re¬ 
ceiving  transducer  insertion  loss,  acoustic  attenuation,  and 
diffraction.  In  addition,  it  is  often  difficult  to  locate  the  de¬ 
fect  precisely,  knowing  only  the  time  delay  of  the  echo.  In 
this  letter  we  will  present  a  method  of  optically  measuring 
acoustic  displacements  in  the  near  field  of  a  defect  using  a 
laser  probe.  Two  methods  of  characterizing  defects  will  be 
discussed.  The  first  is  a  variation  of  time  domain  reflecto¬ 
metry,  using  the  laser  probe  to  detect  the  incident  and  re¬ 
flected  acoustic  pulses.  Calibration  is  greatly  simplified  us¬ 
ing  this  method.  The  second  approach  involves  measuring 
the  spatial  variation  of  the  vertical  acoustic  displacement 
over  a  defect  to  determine  its  dimensions. 

The  laser  probe  used  in  these  experiments  is  a  variation 
)f  the  all-fiber-optic  interferometer  described  in  earlier 
work.34  The  probe  compensates  for  optical  reflectance 
changes  encountered  w  hile  scanning  rough  surfaces,  making 
it  applicable  to  surface  finishes  produced  by  most  common 
manufacturing  processes.5  We  have  adapted  the  sensor  to 
operate  in  a  pulsed  mode  in  which  the  piezoelectric  trans¬ 
ducer  is  excited  with  a  short  tone  burst.  The  laser  diode  is 
gated  to  tum  on  after  a  time  delay  which  allows  for  the 
acoustic  transit  time  between  the  transducer  and  the  loca¬ 
tion  where  the  optical  measurement  is  made.  The  acoustic 
transducer  and  laser  are  gated  with  duty  cycles  in  the  range 
10:1-100:1. 

An  optical  measurement  of  the  acoustic  reflection  coef- 
,.cient  can  be  made  by  positioning  the  laser  probe  spot  in  the 
near  field  of  a  defect  and  between  the  acoustic  transducer 
and  the  defect.  As  the  time  delay  between  the  acoustic  tone 
burst  and  laser  gating  signal  is  increased,  the  incident  acous¬ 
tic  amplitude,  and  then  the  reflected  amplitude,  arc  mea¬ 
sured.  The  same  laser  probe  is  used  to  measure  the  incident 


and  reflected  pulses  so  no  transducer  insertion  loss  correc¬ 
tion  is  required.  Also,  since  the  measurement  is  made  close 
to  the  defect,  diffraction  and  attenuation  corrections  are  not 
significant. 

Figure  1  demonstrates  this  technique  for  a  375-/im- 
deep  slot  in  an  aluminum  sample  using  a  5-/js  acoustic  tone 
burst  at  1.5  MHz.  The  measurement  is  made  1  cm  from  the 
slot.  The  experimental  reflection  coefficient  is  0.32  ±  0.06, 
as  compared  to  a  theoretical  prediction  of  0.23. 1  The  princi¬ 
pal  error  comes  from  ringing  in  the  transducer  which  causes 
the  fluctuating  baseline  and  makes  a  precise  estimation  of 
the  peak  amplitudes  difficult. 

The  second  method  of  characterizing  defects  is  to  fix 
the  laser  gating  time  delay  so  that  the  incident  acoustic  pulse 
is  centered  over  the  defect  when  the  laser  is  switched  on.  The 
laser  spot  is  scanned  across  the  defect  to  measure  the  spatial 
variation  of  the  normal  displacement  of  the  surface  due  to 
the  acoustic  wave.  Steele  has  developed  a  theory6  to  calculate 
the  vertical  surface  displacements  near  a  rectangular  slot  in 
the  surface  of  a  half-space  when  loaded  statically  in  tension. 
The  displacement  curves  are  a  function  of  the  slot  depth  t, 
the  width  e,  and  the  applied  longitudinal  stress  a.  By  operat- 


F  IG  1  Time  domain  measurement  of  the  acoustic  reflection  Ctyffkient 
from  a  slot  in  an  aluminum  sample  The  time  delay  between  the  acoustic 
tone  hurst  and  the  laser  gating  signal  is  used  to  separate  the  incident  and 
reflected  pulses  I  hc  reflection  loethitenl  is  0  32  t  0  06  The  acoustic  fre¬ 
quency  is  1  5  Ml!/  and  the  slot  depth  is  375  /im 
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MG  2  Vertical  displacements  in  the  near  field  of  a  slot  with  1  5-MHz  Ray¬ 
leigh  wave  excitation  rhe  static  theory  provides  an  upper  bound  idashedi 
and  a  lower  bound  (doisi  for  the  vertical  displacements  The  half-width  d  is 
used  to  predict  a  slot  depth  of  230 /jih  The  true  slot  depth  is  250 /im 

ing  in  the  long  wavelength  regime  (the  Rayleigh  wavelength 
is  much  larger  than  the  defect  dimensions!,  we  can  apply  this 
theory  to  a  slot  under  the  influence  of  a  Rayleigh  wave  stress 
field.  Near  the  surface,  the  shear  stress  is  zero  and  the  longi¬ 
tudinal  stress  along  the  direction  of  propagation  z  decays 
exponentially  with  depth  y .7  The  value  of  a.,(y}  averaged 
over  the  depth  of  the  slot  is  used  in  the  theory.  This  value  of 
a.,  can  be  normalized  in  terms  of  the  incident  Rayleigh 
wave  amplitude  at  the  surface 

Figure  2  presents  the  theoretical  and  experimental 
curves  in  aluminum  for  a  long  slot,  160/im  wide  and  250//m 
deep.  The  1.5-MHz  acoustic  transducer  is  to  the  left  Stand¬ 
ing  waves  due  to  reflection  from  the  slot  are  evident  to  the 
left  of  the  slot  The'-e  dynamic  effects  are  not  treated  by  the 
static  theory.  In  the  bottom  of  the  slot  and  to  the  right,  the 
properties  of  the  transmitted  wave  agree  well  with  theory, 
particularly  near  the  slot.  Further  to  the  right,  bulk  waves 
from  the  bottom  of  the  slot  give  rise  toother  dynamic  effects. 
Taking  the  average  displacement  far  to  the  right  of  the  slot  as 
the  incident  displacement  uv  (the  transmission  coefficient  is 
nearly  unity!,  the  theoretical  curves  are  normalized  by  the 
calculated  constant: 

r  a.,/Fut  —  0  33, 

where  F  is  Young's  modulus  Note  the  vertical  component  of 
the  incident  Rayleigh  wave  displacement,  which  makes  it 
possible  to  normalize  the  curves,  also  raises  the  curves  by  a 
constant  offset  The  static  theory*  provides  upper  and  lower 
bounds  on  the  displacements  The  experimental  points  In- 
between  these  curves  for  the  transmitted  field  near  the  slot 
Perhaps  more  importantly,  the  distanced  bet  ween  the  center 
of  ihe  slot  and  the  point  where  the  amplitude  equals  the 
unperturbed  Rayleigh  wave  amplitude  can  be  calculated 
From  this  distance,  a  crack  depth  of  230  /im  is  estimated, 
i.  lose  to  the  true  value  of  230;/  m.  The  calculated  v  alue  of  the 
Fialfw  idthd  does  not  depend  on  the  acoustic  frequency  or  on 


FIG  3  Acoustic  displacement  image  of  a  fatigue  crack  »n  an  aluminum 
sample  Vertical  displacement  amplitude  is  plotted  as  a  function  of  position 
The  dcfet.1  i\  45()  //m  long,  half  penny  shaped,  and  200 pm  deep  The  5  5 
MHz  acoustic  transducer  is  to  the  left 

the  use  of  the  upper  or  lower  theoretical  bound 

The  previous  experimental  results  have  been  lor  long 
saw  cuts,  w  hich  are  almost  as  wide  as  they  are  deep  A  poten¬ 
tial  application  of  the  probe  to  the  characterization  of  a  fa¬ 
tigue  crack  in  an  aluminum  sample  is  shown  in  Fig  3  The 
defect  is  450 ;im  long,  half-penny  shaped,  and  approximate¬ 
ly  200 //m  deep  Ai  an  acoustic  frequency  of  5.5  MHz.  the 
acoustic  image  of  v  ertical  displacemeni  amplitude  as  a  func¬ 
tion  of  position  clearly  determines  the  local  ion  and  length  of 
the  crack  Precisely  estimating  ihe  crack  depth  from  the 
acoustic  displacement  profile  is  complicated  by  the  nonuni¬ 
form  dcpili  and  finite  length  of  the  defect  which  necessitate  a 
three-dimensional  analysis. 

In  conclusion,  we  have  demonstrated  a  pulsed  acoustic- 
laser  probe  which  makes  n  possible  to  measure  acoustic  re¬ 
flection  coefficients  and  vertical  displacements  in  the  near 
field  of  surface  defects  A  static  theory  is  applied  to  ihe  near 
field  amplitude  distribution  to  accurately  estimate  the  depth 
ofa  slot  Finally,  practical  application  of  the  probe  to  fatigue- 
cracks  is  illustrated 
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A8STRACT 

A  Fourier  transform  technique  is  used  to 
quanti tati vely  determine  transverse  widths  of 
surface  features.  This  technique  is  based  on  a 
generalized  theory  wnicn  takes  Into  account  the 
angular  dependence  of  the  reflectance  of  the  sur¬ 
face  being  examined  and  the  effect  of  defocjsing. 
This  measurement  technique  is  essentially  indeoen- 
dent  of  material  properties  and  the  focusing  of  the 
lens.  Experimental  results  on  linewidths  as  small 
as  one  wavelength  will  be  presented. 

New  experimental  results  In  material  charac¬ 
terization  by  tne  inversion  of  V ( z )  to  obtain  the 
complex  reflectance  function  R ( a )  of  a  liquid/ 
solid  interface  will  also  be  presented.  The  result 
of  an  alternative  derivation  of  the  Integral  rela¬ 
tion  between  v(z)  and  9(9)  ,  wmch  does  not  re¬ 
quire  any  paraxial  assumption,  will  be  given. 


I.  Line  Width  Measurement 

Images  Obtained  with  a  scanning  reflection 
acoustic  microscope  contain  quantitative  informa¬ 
tion  about  tne  vertical  depths  and  traosverse 
widths  of  the  object  surface  features.  It  will  be 
shown  m  this  paper  that  in  some  special  cases,  the 
transverse  dimensions  can  be  determined  with  high 
precision.  A  particularly  simple  case,  yet  one  of 
nucn  practical  interest,  is  the  measurement  of  the 
widths  of  ’ ong  strips  wttn  rectangular  cross-sec¬ 
tions.  Me  will  introduce  a  Fourier  transform 
approach  to  the  line  «  'h  measurement  proLlem. 

'he  theoretical  'ounda'  ;n  of  this  work  Is  based  on 
a  complete  nodelmg  of  the  spatial  response  of  a 
confocal  'maging  system  to  a  rectangular  strip, 
wmch  taxes  account  of  the  angular  dependence  of 
the  reflectivity  of  the  object.  rhis  Fourier  tech¬ 
nique  will  be  shown  to  be  especially  useful  m  de- 
ternning  strip  widths  lomoarable  to  the  focal  spot 
life.  Experiments  conducted  at  50  MHz  will  be 
presented  to  demonstrate  the  basic  principle. 
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Fig.  1.  Kirchoff  approximation  to  the  acoustic 
field  reflected  from  a  thin  scmp 
deposited  on  a  substrate. 


xo  *  «,  .  The  thickness  q.  qf  tne  >:r’p  s  as¬ 
sumed  to  be  very  much  smaller  than  .  ,  so  -.ha-,  tne 
only  significant  reflection  is  'rqm  the  too  -.ur'ace 
of  the  strip.  It  can  be  snown  that  the  aco.stic 
microscope  output  voltage  as  a  'uncfon  qf  the 
strip  position  has  the  form 


yq  (*s) 


:x  - 


(h  *  ^r]n  Ur  ly.n 

*nere 

h"(xq  1  *  (  [(h '  •  mF;  V  .  h  •  m.;  n]  qy- 


1  .  V 

tonsner  j  strip  ieoosited  on  d  -sem  - 

in*'nite  substrate  of  a  dissimilar  material,  as 
.mown  -n  Fij,  i.  Suppose  the  strip  is  infinite  in 
'•'*  y  1'  recti  on,  mas  width  3  and  is  centered  at 


mc;*  :  ,y  . ) 


'  ■)  \ 

v  *  / 


and  h'(x0,y0)  and  h(x0  ,y0 )  are  respectively  the 
acoustic  microscope  point  spread  functions  (PS F)  at 
the  top  of  the  strip  and  at  the  surface  of  the  sub- 
strate,  and  Rp  and  Rc  are  respectively  the 
reflectance  functions  or  the  water/film  interface 
and  the  water/substrate  inter'ace. 

The  second  term  of  vo (x  )  In  £q.  (1)  Is  un¬ 
important  because  it  Is  a  constant  due  to  the  Back¬ 
ground  reflection  from  the  substrate.  The  first 
term,  however,  explicitly  snows  a  convolution  rela¬ 
tion  between  rect(x0/0)  ,  which  describes  the  geo¬ 
metric  width  of  the  strip,  and  an  effective  line 
spread  function  h"(xo)  that  takes  into  account 
the  different  reflectances  and  vertical  heights  of 
the  surfaces  of  the  strip  and  the  substrate.  In 
other  words,  vq(x  )  is  a  blurred  image  profile  of 
the  actual  strip.  v0(x  )  can  be  a  very  complicat¬ 
ed  waveform,  particularly  when  the  strip  width  0 
is  comparable  to  the  spot  site  of  the  focused 
acoustic  beam,  or  the  beam  is  defocused.  This 
maxes  it  difficult  to  accurately  determine  0  by 
locating  the  edges  of  tne  strip.  This  difficulty 
with  the  spatial  domatn  response  is  the  primary  mo¬ 
tivation  for  the  Fourier  spectrum  approach  to  the 
line  width  measurement  problem  described  below. 

Since  a  convolution  in  the  spatial  domain  cor¬ 
responds  to  a  multiplication  in  the  spatial  fre¬ 
quency  domain,  one  obtains  from  Eq.  (1) 

‘hi f„>  *  0  sinc(0f x)  H*(fs]  -  9  i(fx)  (3) 


the  Strip  width  can  be  determined  from  Eq.  (5). 

For  instance,  if  F  *  0.85k  ,  one  can,  in  princi¬ 
ple,  resolve  line  widths  as  small  as  0.85k  . 

The  power  of  this  Fourier  transform  technique 
lies  in  its  simplicity.  Given  a  priori  knowledge 
of  the  strip  geometry,  one  only  has  to  be  aware  of 
some  general  properties,  but  does  nor.  need  to  know 
the  exact  details,  of  the  imaging  system  response. 
The  mere  location  of  the  zeros  of  the  overall  spec¬ 
tral  response  suffices  for  the  accurate  determina¬ 
tion  of  tne  line  width. 
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Fig.  2.  Fourier  spectra  of  the  acoustic  microscope 
spatial  response  to  5000  i  thick  gold 
lines  on  fused  silica  from  l  to  2.5 
wavelengths  wide. 


wnere  H " ( f x )  is  the  Fourier  transform  of 


)  .  /0(f  )  vanishes  at  the  zeros  of  the 
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It  follows  that 
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. f  tan  be  mown  that 
has  1  x  pass  ziaract- 
f'equenc/  if 


r  a  tonf.cal  s-stem,  ;  K  “  ( f  x )  j 
sties  with  a  upoer  cutoff 


< ,  max 
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wnere  :  is  the  '-number  if  the  lens.  [ f  )  is 
■o  jeneril  non-zero  within  the  passband,  and  is 
‘dent'caly  zero  iDove  the  Cutoff  'requency.  Thus 
the  ze--is  if  /-  f  )  for  3  <  ^ are 

exactly  those  if  tne  'me'  response  if  tne  strip. 
*S  >ng  u  the  zeros  fall  inside  the  passband,  i.e. 


;n 


2.  Experimental  Results 

Fig.  2  illustrates  the  experimental  ,Vj(f<)i 
for  5000  i  thick  gold  lines  deposited  on  a  fused 
quartz  substrate.  The  optically-measured  widths 
are  0  »  76 ,  *3,  and  33  urn  ,  respect l ve I y .  The 
acoustic  microscope  operates  at  50  MHz  (k  *  30  „m) 
with  a  f/0.85  lens,  and  the  acoustic  beam  is  fo¬ 
cused  on  the  surface  of  the  fused  quartz  substrate. 
The  line  widths  estimated  from  the  position  pf  the 
first  zero  of  /0(f  )  agr>e  very  well  with  the 
optically-determined  width.,.  The  minor  discrepan¬ 
cies  are  mainly  due  to  the  nonuniformity  in  the 
widths  of  the  gold  lines. 

In  addition,  it  is  important  to  realize  that 
this  Fourier  transform  approach  is  essentially  in¬ 
sensitive  to  defocusing.  It  is  obvious  ‘rom  Eq. 

(3)  that  defocusing  only  changes  the  ef'ective 
spectral  response  H“(fx)  sligntly,  and  loes  not 
introduce  any  new  zeros  to,  nor  does  it  affect  the 
zeros  of,  , V ;  ( f  }|  .  cig.  3  snows  the  experimental 
:  V ;  ( f  ):  for  a‘  2000  thicx  and  ’6  „.n  wide 
chrome  line  on  '  ised  luartz  it  various  defocusing 
distances.  The  focus  was  m  turn  'ocated  on,  ind 
it  50  ..in  ind  50  ..m  ibove,  the  substrite.  vhe 
locations  if  the  'irst  zero  -n  all  three  :ases  are 
essentially  coincident,  jiving  a  width  estimate  of 
76 . 3  jn  . 
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Fourier  spectra  of  tne  acoustic  microscope 
spatial  response  to  a  2000  A  thick  and 
76  um  wide  chrome  line  on  fused  silica  at 
different  defocusing  distances. 


Material  Characterization  Oy  Inversion  of  V ( z ) 


Tne  Fourier  transform  relation  between  V  ( z  ) 
and  the  the  reflectance  Sis)  of  a  liquid/solid 
interface  has  been  derived  and  demonstrated  experi  - 
mentally  in  acoustic  microscopy.  • 1  However,  the 
/(z)  integral  on  wnicn  the  derivation  of  the  Four¬ 
ier  transform  relation  is  based  is  formulated  using 
r.ne  paraxial  approximation,  and  is  therefore  not 
valid  for  acoustic  lenses  with  a  large  angle  of 
convergence.  An  alternative  hybrid  formulation, 
wnicn  combines  elements  of  angular  spectrum  and  ray 
optics  ‘ ormal i sms,  has  been  carried  out  and  the 
result  is  given  below.  It  should  be  noted  that  no 
paraxial  assumption  is  necessary  for  its  develop¬ 
ment.  hew  results  for  different  materials  obtained 
by  inverting  somolex  V(z)  data  acquired  with  a 
special  spherical  transducer  operating  at  10  MHz 
ar»  also  Shown. 


the  special  case  of  a  'ocused  spherical  trans- 
luCer  radiating  atrectly  into  water  with  no  buffer 
medium  is  tcnsiiered  as  shown  in  Fig.  A.  the  prac¬ 
tical  significance  of  mis  acoustic  lens  configura¬ 
tion  wt 1 1  oe  explains  iter.  The  special  transdu¬ 
cer  leomet'y  simplify  '.ne  derivation,  and  yet  the 
'mal  solution  nas  general  validity  for  any  acoust- 
’C  ' ens  conf i gjr at i on  wnicn  produces  a  converging 
iphencjl  wave. 
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!c  can  be  shown  that  the  voltage  "esooqse 
of  the  focjsej  transducer  >s  given  by 


I '  z 1  ' 


3'x 


e « p  (  -  j  x  z  ' 


13) 


«n#*re 


'  lz  ,  < y  ' s  *4ve  vector  ;  opponent 

n  r. 3'*,}  ' tne  pupil  'unci’ on 

f  tne  tne  reMectonce  *jnc- 

'  m  )f  f'e  ’  t  ;u  1  j/soT  i  J  ’nterfvjce.  £4.  ;■$)  >no«s 

■  Z  ’  j  n  «j  ^  ’  <  , )  R  (  <  ,  )  j  Fourier 

rins'om  041-.  rne  ’nver-sipn  to  ootain  1[<Z)  is 
) '  t<  i 


\  wV  - 


/JF-'1(V(Z')) 


»(kz) 


-IVtZ 

~pt(T: 

( 0 


(kz) 


P(kz) 


*  0 


(9) 


P(kz) 


0 


Ig  general,  P ( k z )  is  not  known  a  priori.  However, 
?^{k2)  can  conveniently  be  calibrated  by  inverting 
the  V(z)  for  a  Itquid/solid  Interface  whose  re¬ 
flectance  has  uniform  magnitude  and  phase  over  the 
angular  extent  of  the  lens  pupil  function.  The  wa¬ 
ter/lead  boundary  is  one  such  example,  and  the  mag¬ 
nitude  and  phase  of  the  reflectance  Is  essentially 
flat  from  0°  to  40°  incidence. 
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Fig.  X. 


Special  focused  transducer  used  for  the 
V ( z )  measurements. 


This  inversion  approacn  to  material  character¬ 
ization  is  different  in  that  it  requires  the 
measurement  of  V(z)  In  both  amplitude  and  phase, 
whereas  previous  work1’5  utilized  only  the  ampli¬ 
tude  or  intensity  of  V ( z )  .  It  is  generally  not 
trivial  to  conduct  nigh-accuracy  pnase  neasurements 
in  acoustic  microscopy.  Ve  have  developed  a  pnase 
measurement  system1  that  makes  possible  the  pre¬ 
cision  acquisition  of  phase  data  and  the  experimen¬ 
tal  demonstration  of  the  inversion  technique. 


Experimental  Results 


A  special  acoustic  lens  is  used  'or  the  !{l) 
measurement.  The  acoustic  transducer  is  a  piezo¬ 
electric  element  in  the  'arm  of  j  spherical  sne 1 1 
with  air  backing  and  a  guarter-wave  macching  layer 
on  the  front  face.  The  transducer  generates  a  ton- 
verging  spherical  wave  lirectly  into  water.  rn1s 
acoustic  lens  conf 1 gurat l on  's  advantageous  'or  the 
Viz)  measurement  for  the  following  reason,  "he 
elimination  of  the  buffer  rqo  removes  the  syste¬ 
matic  noise  due  to  'everber at ’ ons  inside  tne  buffer 
rod.  This  type  of  noise  tends  to  iverlao  in  tine 
with  the  reflected  signal  *rqm  the  object.  with 
tne  present  ens  tonst 'uCt i on ,  the  acjust’c  lens 
:pn  be  translated  jver  a  wipe  - ange  if  P  to  :ol- 
'ect  V ' z i  lata  ’n  an  essenfaliy  noise-free  envi- 
-onment . 


The  spherical  transducer  nas  a  ‘ocal  'engtn  of 
’.6  mm,  *.'0.7  aperture,  and  's  ooerated  at  '.3.17 
MHz.  Many  pract’cai  ;ons i  ier at i  ins  go  ’ nto  this 
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particular  cnotce  of  operating  frequency  range. 

The  inversion  of  the  V(z)  is  most  conveniently 
carried  out  for  a  lossless  liquid  medium.  The  loss 
in  water  is  essentially  negligible  at  10  MHz  ,  and 
so  satisfies  this  requirement.  Moreover,  the  wave¬ 
length  in  water  of  about  150  jm  is  sufficiently 
large  to  render  any  irregularity  and  instaoillty  in 
the  vertical  translation  mechanism  ins i gn i f i cant . 
For  tne  same  reason,  the  measurement  is  less  sub¬ 
ject  to  error  as  a  result  of  surface  finish  imper¬ 
fections  in  the  sample. 

Figure  5  shows  the  reflectance  function  of  a 
water/fused  silica  interface  obtained  by  inverting 
the  correspond) ng  V(z)  and  then  normalizing  out 
of  the  transducer.  The  theoretical  re¬ 
flectance  is  also  shown  in  the  solid  curve  for 
comparison.  There  is  good  general  agreement  be¬ 
tween  theory  and  experiment  in  both  magnitude  and 
pnase.  The  experimental  shear  critical  angle  at 
i  -  23. 5J  and  the  Sayleign  critical  angle  at 
-i  *  25 . 3S J  compare  extremely  well  with  theory. 

The  'ongitudinal  critical  angle  is  not  reproduced 
in  the  experimental  result  due  to  tne  angular  re¬ 
solution  degradation  problem  caused  by  the  spatial 
truncation  of  the  V(z)  data. 2 
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?ig.  5.  Ccnparison  of  the  theoretical  [solid  line) 
jnq  experimental  [dasned  line)  reflectance 
‘unctions  for  a  water/fused  silica  tnter- 
f  ace. 

Mjure  5  is  the  reflectance  function  for  al u- 
n  run.  Again,  the  ‘it  between  theory  and  experi- 
nent  's  very  good.  The  longitudinal  and  shear  cri¬ 
tical  angles  snow  up  clearly  in  the  experimental 
resuit  m  this  case.  The  Hayleign  critic:!  angle 
■s  'ocated  at  •:  *  30.86J  ,  which  gives  a  phase 
-elicit/  af  2897  n/s  for  the  'easy  surface 
acoustic  wave. 

lure  7  shows  the  reflectance  ‘vnctiun  ‘or 
’ 1  -* « ’  )  l  as  ar  ’uclte,  a  low  acoustic  velocity  oa- 
ter*ii  with  nigh  'ass.  This  example  'lljst'ites 
” aw  oss  'o  materials  tan  be  determined.  'he  Ion 
,'tjdinji  critical  angle  is  ’ocated  at  •  ■  32..' 
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Fig.  6.  Comparison  of  the  theoretical  and 

experimental  reflectance  functions  for  a 
water/a  I umi num  Interface. 

wnicn  corresponds  to  a  longitudinal  wave  velocity 
of  2750  m/s  .  The  magnitude  of  the  reflectance 
peaks  at  0.7  rather  than  1  ,  as  would  be  the 
case  for  a  lossless  substrate.  *he  amount  if  di¬ 
minution  of  the  peak  level  depends  an  the  'ass  ‘dr 
trie  longitudinal  mode.  The  theoretical  Curve  is 
fitted  to  the  experimental  one  by  varying  t">e  lon¬ 
gitudinal  loss  factor  3,_  .  is  ‘bund  to  be 

about  50  ,  which  translates  into  an  attenuation 
coefficient  of  23 2  nepers/m  ,  or  20  c8 -cm  at 
10  mhz  wnicn  agrees  well  with  other  published 
values. 
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the  technique  Is  essentially  insensitive  to  the 
characteristics  of  the  Imaging  system.  Line  widths 
comparable  to  a  wavelength  can  be  determined  accur¬ 
ately  with  this  method. 

New  results  on  materia!  cnaracterl zat i on  by 
the  inversion  of  complex  V(z)  data  have  also  been 
shown.  The  result  of  a  .more  general  and  non-par- 
axial  f  ormu I  at  1  on  of  the  V ( z )  integral  Is  given. 
This  inversion  technique  represents  a  more  complete 
jpproacn  to  material  characteri zat i on  than  pre¬ 
vious  7 ( z )  related  work.  Phase  velocities  of 
various  propagating  modes  in  the  material  of  inter¬ 
est  can  be  determined  from  the  reflectance  func¬ 
tion.  In  addition,  acoustic  losses  can  also  be 
estimated. 
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INTRODUCTION 

Recently,  a  great  deal  of  attention  has  been  devoted  to  prob¬ 
lem*  of  manufacturing  technology*  NDE  techniques  are  beginning  to 
be  considered  and  to  be  applied  to  problems  of  measurement  of 
structures  during  the  manufacturing  process,  rather  than  only 
determining  whether  there  are  faults  present  after  manufacture. 

The  major  advantage  of  adopting  such  procedures  is  their  cost  ef¬ 
fectiveness.  Either  expensive  manufacturing  processes  need  not  be 
carried  out  on  parts  which  already  have  faults,  or  an  earlier 
process  can  be  repeated  to  eliminate  the  fault  before  carrying  out 
further  manufacturing  steps. 

Such  problems  occur  on  both  large-scale  devices  familiar  in 
conventional  NDE,  and  on  small-scale  devices  such  as  semiconduc¬ 
tors,  diamond  machined  parts,  and  magnetic  recording  heads  and 
disks.  The  conventional  NDE  techniques  can  prove  extremely  use¬ 
ful,  but  they  moat  be  scaled  down  to  the  appropriate  sizes. 

We  shall  discuss,  in  this  paper,  measurements  of  surface  fea¬ 
tures,  measurements  of  near-surface  material  properties,  and  to  a 
limited  extent,  measurements  of  certain  types  of  electronic  prop¬ 
erties  of  semiconductors.  We  will  discuss  techniques  which  we 
have  examined  and  which  may  be  of  help,  in  particular,  for  use 
with  semiconductor  devices  and  magnetic  recording  devices.  We 
summarize  some  of  the  possibilities  of  measurement  of  semiconduc¬ 
tors  in  Table  l.  We  consider  first  the  problem  of  evaluating  sur¬ 
face  profiles.  A  typical  sequence  of  operations  in  the  manufac¬ 
ture  of  a  semiconductor  device  is  shown  in  Fig.  1.  Layers  of  S10-, 
are  routinely  used  in  semiconductor  devices.  Holes  are  cut  in 
them  by  the  photoresist  process  shown  in  Fig.  1.  The  photoresist 
in  this  example  is  laid  down  on  top  of  the  SiOj,  and  is  exposed 
photographically.  A  hole  Is  cut  in  it  by  removing  unexposed 
photoresist  with  soLvent;  the  S10-.  in  this  region  can  then  be 
removed  by  etching.  In  practice,  multiple-layer  systems  can  be 


Table  1 


SEMICONDUCTORS 

of  Needs  for  Surface  Feature  Measurements 
Surface  Profiles 

Width  and  Thickness  of  Metal  Films 
Width  of  Holes  in  Photoresist 
Edge  Profiles  in  Photoresist 
Width  of  Holes  in  SiOj 
Thickness  of  Si02  Layers 

Other  Needs 


Ta  measure  thermal  bonds,  film  adhesion,  carrier 
recombination  rates,  and  doping  density 


(o)  Silicon  Slice  with 
0XI0E  FORMED  ON 

surface 

(b)  photoresist  lacquer 
applied  to  surface 


(c)  PHOTORESIST  EXPOSED 
to  ULTRAVIOLET  light 
THROUGH  PHOTOMASK 


(dJ  UNEXPOSED  PHOTORESIST 
REMOVED  WITH  solvent 


(e)  Silicon  OXIOE  REMOVED 
BY  etching 


(f)  PHOTORESIST  STRIPPED 
TO  LEAVE  'WINOCW' 
in  SILICON  OXIOE 


Fig.  i.  Selective  oxide  removal  by  the  photoresist  process. 

made  in  this  way,  and  it  is  obviously  of  importance  to  be  able  to 
measure  Che  width  of  the  holes  so  cut,  the  shape  of  the  edges  of 
the  holes,  and  the  thickness  of  the  individual  layers  that  are 
being  formed. 


Further  steps  in  the  process  nay  be  carried  out,  as  illus¬ 
trated  in  Fig.  2.  Similar  kinds  of  measurements  are  required  at 
each  step.  Each  of  the  features  that  mist  be  measured  are  pre¬ 
sently  of  Che  order  of  one  to  a  few  micrometers  in  width;  as  pro¬ 
gress  is  made,  Che  requirements  become  more  and  more  severe,  down 
to  0.5  um  or  even  less.  As  there  may  be  several  hundred  thou¬ 
sand  devices  built  on  one  chip,  it  is  impractical,  regardless  of 
Che  measurement  system  used,  to  measure  every  device  on  the  chip; 
Che  information  content  is  too  large.  What  can  and  should  be  done 
is  to  measure  test  samples  on  each  chip  to  evaluate  whether  the 
processing  methods  employed  are  working  correctly. 

A  similar  sec  of  problems  occur  with  magnetic  recording  disks 
and  heads.  A  simplified  illustration  of  such  a  recording  di3k  and 
head  is  shown  in  Fig.  3,  listing  some  of  the  properties  that  need 
to  be  measured.  In  magnetic  recording,  the  magnetic  recording 
head  floats  on  an  air  bearing  a  few  thousand  Angstroms  away  from 
the  disk  on  which  Che  recording  is  made.  The  disk  is  typically  of 
aluminum  with  a  -1  um  thick  layer  of  ferrite-filled  epoxy  laid 
down  on  it.  The  thickness  of  the  air  gap  is  of  great  importance. 
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(0)  OXIDIZED  n-TYPE  SILICON  SLICE 


^.SILICON  0XI0E 


(b)  BASE  WINOOW  OPENED  IN  OXlOE 
•-  ar  FIRST  PHOTORESIST 

PROCESS  SEQUENCE  (FIG.  2.6) 


n _ 


(C) p-TYPE  BASE  DIFFUSED  IN, 
ANO  NEW  OXIDE  FORMED 


(d)  EMITTER  WINOOW  OPENED  8Y 
SECOND  PHOTORESIST  SEQUENCE 


i ZZZL 


TJ 


(e)  n-TYPE  EMITTER  OlFFUSED  in. 
ANO  NEW  OXlOE  FORMED 


ff)  8ASE  ANO  EMITTER  CONTACT 
WINOOWS  OPENED  IN  OXIDE  BY 
THIRO  PHOTORESIST  sequence 


(qj  aluminum  contacts  evaporated 

ON  ANO  DEFINED  8Y  ThiRO 
PHOTORESIST  sequence 


(h)  SLICE  CUT  into  WAFERS,  EACH 
WAFER  MOUNTED 


Fig.  2.  Steps  in  the  diffused  planar  process. 


FLOATING  HEAD 


Fig.  3.  Simplified  schematic  of  a  magnetic  disk,  and  head.  Meed 
to  measure:  surface  wavlness,  roughness,  thickness  of 
epoxy,  filling  factor,  air  gap,  head  surface,  stress  pro¬ 
file. 

The  filling  factor  of  the  epoxy  must  be  known  and  the  thickness 
and  wavlness  of  this  layer  must  be  controlled  very  carefully. 
Furthermore,  in  order  to  stop  the  head  from  "crashing"  on  the  disk 
as  the  disk  slows  down,  ceramic  particles  are  distributed  In  the 
epoxy  on  which  the  head  can  rest.  Other  problems  occur  In  the 
manufacture  of  the  head  itself.  Stress  In  Che  ceramic  material  of 
Che  head  can  cause  It  to  bow.  Careful  control  of  Its  surface 
finish  and  Its  flatness  are  required,  as  well  as  measurements  of 
the  air  gap  between  the  disk  and  the  head  and  measurements  of  the 
disk  Itself. 

The  types  of  sensors  which  can  be  used  to  make  the  required 
measurements  are  varied,  but  are  basically  scaled  down  versions  of 
the  sensors  normally  used  In  NDE  applications.  Thus,  the  optical 
and  acoustic  sensors  required  typically  become  microscopes  of  one 
kind  or  another,  as  often  the  photoacoustic  sensors  become.  A 
summary  of  the  types  of  sensors  that  could  be  used  Is  given  in 
Table  2. 

We  shall  now  discuss  some  examples  of  the  sensors  which  can 
be  used  and  which  we  have  tried  in  simple  applications. 


Optical: 


Acoustic: 


Table  2 

TYPES  OF  SENSORS 

Scanning  and  Standard  Microscopes 

Range  Sensors,  Scanned  Microscope. 
Acoustic  Wave  Propagates  in  Solids, 
Liquids,  or  Air. 


Photoa c ou s t 1 c : 


Measures  Thermal  Effects  in  Solids, 

Liquids  and  Air.  Also  Measures  Electronic 
Effects  in  Semiconductors. 


THE  ACOUSTIC  MICROSCOPE 


The  scanning  acoustic  microscope  was  developed  at  Stanford  by 
Calvin  Quate  and  Ills  co-workers.  An  early  version  of  this  micro¬ 
scope  la  Illustrated  in  Figs.  4  and  5.  An  acoustic  transducer  on 
a  sapphire  or  quartz  substrate  excites  a  plane  wave.  A  spherical 
hole  is  cut  Into  the  opposite  surface  of  the  sapphire  or  quartz 
substrate.  This  forms  a  spherical  lens  which  produces  a  tightly 
focused  bean  In  water.  The  focused  beam,  which  impinges  on  the 
material  being  examined,  is  reflected  from  it  and  received  back 
again  at  the  transducer.  As  the  reflectivity  of  the  material  be¬ 
ing  examined  varies  with  its  surface  properties,  the  intensity  of 
the  received  image  from  a  small  region  controlled  by  the  focused 
beam  will  depend  on  the  nature  of  the  material  being  examined.  A 
two-dimensional  image  is  obtained  by  mechanically  scanning  either 
the  sample  or  Che  transducer  using  essentially  a  loudspeaker  move¬ 
ment  for  a  scan  in  one  direction,  and  a  slower  mechanical  scan  for 
Che  scan  in  the  ocher  direction.  Thus,  a  raster  linage  is  obtained 
which  can  be  displayed  on  a  video  screen.  The  definition  of  the 
system  is  comparable  to  Che  wavelength  in  water  so  that  at  a  fre¬ 
quency  of  1  GHz  ,  the  definition  is  of  Che  order  of  4000-5000  A 
with  correspondingly  poorer  definitions  at  lower  frequencies.  De¬ 
finitions  of  300  A  have  been  obtained  with  liquid  helium  as  the 
operating  medium. 

The  contrast  of  the  image  is  determined  not  only  by  the  re¬ 
flectivity  of  the  surface,  but  also  by  Che  phase  of  the  reflected 
waves,  as  illustrated  in  Fig.  6. 2  Suppose  Che  beam  is  focused  so 
that  the  focal  point  is  below  the  surface  of  the  solid.  It  is 
then  possible  for  Che  lens  to  excite  Rayleigh  or  surface  waves  on 
the  substrate,  which  can  be  reflected  back  to  the  lens  and  re¬ 
ceived  by  it.  Only  certain  rays  from  Che  lens  cause  Rayleigh  wave 
excicatiaa-  These  rays  are  incident  at  an  angle  0  where 


Fig.  4.  Schematic  of  acoustic  microscope. 
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Fig.  6.  Specular  and  Rayleigh  reflected  waves  In  the  acoustic 
microscope. 
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where  Vw  is  the  acoustic  wave  velocity  In  water,  and  is  the 

Rayleigh  wave  velocity  on  the  solid. 

As  shown  In  Fig.  6,  two  signal  components  arrive  back,  at  the 
lens,  those  which  follow  the  Rayleigh  wave  path  and  those  which 
are  specularly  reflected  from  the  surface.  These  two  sets  of  rays 
can  Interfere  with  each  other  and  may  add  In  phase  or  out  of 
phase,  depending  on  the  distance  z  of  the  focal  point  from  the 
surface.  As  the  lens  is  moved  up  and  down,  the  voltage  V(z)  re¬ 
ceived  by  the  transducer  varies  with  z  .  As  the  lens  is  moved 
across  a  surface  whose  material  properties  vary,  V(z)  will  vary. 
Therefore,  the  contrast  changes  obtained  with  the  microscope  are 
very  sensitive  to  surface  properties. 

Fig.  7  is  an  illustration  of  an  image  of  a  metal  film  laid 
down  on  a  glass  substrate.  The  optical  images  shown  for  compar¬ 
ison  and  the  Images  obtained  at  two  different  values  of  z  are 
also  shown.  It  will  be  seen  that  the  contrast  changes  with  z  . 
The  poor  adhesion  of  the  metal  films  near  their  edges  shows  up 
very  clearly  in  the  acoustic  microscope  pictures,  but  is  not  ob¬ 
served  optically.  This  is  because  the  Rayleigh  wave  velocity 
varies  radically  with  the  adhesion  of  the  metal  film.  Consequent¬ 
ly,  acoustic  microscopy  techniques  can  be  very  useful  for  measur¬ 
ing  adhesion,  b mding  and  other  mechanical  properties  which  are 
difficult  to  evaluate  by  other  techniques. 

We  have  attempted  to  put  acoustic  microscopy  on  a  more  quan¬ 
titative  basis  and  have  arrived  at  techniques  for  measuring  the 
phase  and  the  amplitude  of  the  reflected  signal  components  separ¬ 
ately.^'^  This  makes  it  possible  to  determine  the  height  and 
width  of  surface  features  separately,  as  well  as  to  determine  sur- 
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Pig.  7.  Images  of  a  mecal  film  on  glass.  (a)  An  optical  image. 

(b)  An  image  taken  with  a  2  GHz  acoustic  microscope. 

(c)  An  image  with  a  defocus  distance  of  -0.5  urn  . 

face  material  properties  from  the  measurement  of  the  Rayleigh  wave 
velocity.  It  also  makes  it  possible  to  carry  out  Fourier  trans¬ 
forms  of  the  reflected  image  and  other  kinds  of  processing  since 
both  amplitude  and  phase  information  are  available.  The  technique 
employed  is  illustrated  in  Fig.  8.  A  short  tone  burst  is  inserted 
into  the  transducer  and  is  reflected  from  it.  The  specularly- 
rerlected  component  arrives  at  a  different  time  from  the  Rayleigh 
wave  component  so  that  they  can  be  measured  separately.  Using 
this  technique,  we  can  determine  the  phase  difference  between 
these  two  signals  to  an  accuracy  of  0.1  which  corresponds  to 
being  able  to  measure  the  Rayleigh  wave  velocity  to  one  part  in 
105  . 

In  an  alternative  mode  of  operation,  we  excite  a  hollow  beam 
on  an  outer  ring  surrounding  the  lens.  This  beam  is  reflected 
from  the  substrate  and  is  used  as  a  reference.  We  compare  it  with 
the  reflection  from  a  focused  beam  whose  focal  poinc  is  at  the 
surface  of  the  substrate.  We  can  control  the  average  height  of 
the  transducer  from  the  substrate  by  comparing  the  phase  of  the 
signal  returned  from  the  reference  beam  (several  millimeters  in 
diameter)  with  an  external  reference;  we  use  a  piezoelectric 
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Fig.  8.  (a)  Rayleigh  wave  velocity  measurement.  (b)  Acoustic 

microscope  lens  for  topography  profiling. 

pusher  to  move  the  transducer  up  and  down.  As  the  transducer  Is 
moved  across  the  substrate,  Che  phase  of  the  specularly-reflected 
focused  beam  (-30  um  diameter)  gives  an  accurate  measure  of  Che 
height  of  Che  region  being  observed.  By  this  means,  we  can  mea¬ 
sure  changes  in  height  of  the  surface  to  an  accuracy  of  X/3000  , 
where  X  is  the  acoustic  wavelength  in  water. 

An  example  of  work  by  Liang,  Bennett,  Khuri-Yakub  and  Kino  is 
shown  In  Fig.  9,  in  which  these  techniques  were  used  to  measure  Che 
thickness  of  a  5000  A  layer  of  aluminum  using  50  MHz  acoustic 
wavs  with  a  wavelength  of  30  um  .  The  Rayleigh  wave  technique 
was  then  used  to  measure  the  velocity  of  a  surface  wave  along  the 
aluminum,  thus  giving  a  measure  of  the  material  properties  of  the 
surface. 

The  technique  can  also  be  used  to  measure  the  width  of  sur¬ 
face  feacures  very  accurately.  Using  the  focused  beam,  and  mea¬ 
suring  Its  phase,  we  have  been  able  to  measure  the  width  of  sur¬ 
face  films  whose  widths  are  quite  comparable  to  the  spot  size  of 
che  beam.  By  using  Fourier  transform  techniques,  it  is  possible 
to  put  these  measurements  on  a  highly  quantitative  basis  in  which 
Che  results  do  not  depend  too  critically  on  the  fact  that  the 
focus  of  che  beam  is  exactly  at  the  substrate.0  Thus,  acoustic 
microscopy  and  related  scanning  optical  microscopy  techniques  can 
be  very  useful  in  this  application. 
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Fig.  9.  Measurements  and  topography  of  velocity  perturbation 
taken  with  a  SO  MHz  acoustic  microscope. 

SCANNING  OPTICAL  MICROSCOPE 

After  we  were  able  to  obtain  good  phase  and  amplitude  infor¬ 
mation  directly  with  a  scanned  acoustic  microscope,  we  were  promp¬ 
ted  to  see  if  we  could  duplicate  this  kind  of  operation  with  an 
optical  microscope.  One  of  the  problems  with  scanning  optical 
microscopy,  or  any  kind  of  quantitative  microscopy  for  that  mat¬ 
ter,  is  that,  because  of  the  precision  required,  vibrations  can 
cause  great  difficulty  in  measurements.  Therefore,  a  very  solid 
optical  bench  and  ocher  equipment  are  needed.  One  of  our  aims  was 
to  eliminate  this  difficulty;  another  was  to  use  modem  electronic 
signal  processing  techniques  to  measure  phase  to  an  accuracy  of  a 
few  degrees  rather  than  using  standard  optical  interference  tech¬ 
niques.  This  would  make  it  possible  to  measure,  simultaneously, 
the  width  and  height  of  surface  profiles  using  che  same  system. 
Presently,  such  measurements  of  width  can  typically  be  made  with 
one  kind  of  device,  and  measurements  of  height  with  another,  but 
it  is  not  usually  possible  to  measure  the  height  or  thickness  ac¬ 
curately  in  regions  of  very  small  transverse  dimensions. 
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Fig.  10.  Scanning  optical  microscope.  The  Bragg  cell  splits  Che 
input  beam  and  scans  the  deflected  and  frequency  shifted 
beam  across  Che  sample.  The  undiffracted  beam  is  used 
as  a  reference,  (a)  Simplified  schematic.  (b)  Secon¬ 
dary  reference  on  sample  to  compensate  for  surface  tilt. 

The  system  we  have  developed  is  an  electronically-scanned  op¬ 
tical  microscope  with  a  stationary  reference  on  the  sample  so  as 
to  eliminate  the  effect  of  vibrations.  The  basic  device  is  shown 
in  Figs.  10a  and  10b.  A  Laser  beam  of  frequency  f q  is  passed 
through  a  Bragg  cell  whose  frequency  can  be  varied  from  60-110 
MHz  .  The  Bragg  cell  deflects  the  acoustic  beam.  The  deflection 
angle  is  linearly  proportional  to  the  frequency  fg  ,  the  input  to 
the  Bragg  cell.  A  deflected  and  undeflected  beam  pass  through  a 
microscope  objective  lens,  producing  two  focused  spots  on  the  sur¬ 
face  of  the  sample.  The  incident  beams  are  reflected  from  the 
sample,  pass  again  through  the  Bragg  cell,  and  produce  two  signals 
along  the  path  shown;  these  signals  are  of  frequencies  fn  +  f 
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Theoretical  and  experimental  phase  profiles  of  a  step 
taken  with  plane  wave  illumination  (solid  line)  and  a 
cnnfocal  lens  system  (broken  line). 


and  fg  -  fg  ,  respectively.  The  pbAe  difference  between  these 
two  signals  is  equal  to  the  optical  phase  difference  of  the  two 


reflected  beams  from  the  sample.  By  massing  the  received  beams 
into  a  photodetector,  a  product  signal  is  obtained  from  the  photo- 
detector  at  a  frequency  2fg  whose  amplitude  depends  on  the  am¬ 
plitude  of  the  scanned  beam  and  whose  phase  is  the  phase  differ¬ 
ence  of  the  signals  of  the  two  beams.  We  therefore  have  arrived 
at  a  technique  for  measuring  the  phase  and  amplitude  of  the  opti¬ 
cal  beam* ,  but  carry  out  this  measurement  at  frequencies  that  can 
be  handled  by  electronic  circuitry.” 


The  actual  system  is  somewhat  more  complicated  because  It  is 
necessary  to  provide  a  reference  signal  at  a  frequency  2f3  . 

Since  there  is  a  phase  change  from  the  input  signal  to  the  3ragg 
cell  to  Che  point  where  Che  optical  beam  is  incident,  and  this 
phase  change  varies  with  frequency,  and  hence  deflection  angle,  it 
is  necessary  to  eliminate  this  error.  We  do  this  by  using  two  in¬ 
cident  beams  on  the  Bragg  cell,  as  shown  in  Fig.  10b,  obtaining 
the  reference  signal  from  Che  second  sec  of  beams.  The  second  set 
of  beams  is  passed  through  a  narrow  aperture  and  therefore  pro¬ 
duces  two  wide  beams  on  the  sample  whose  transverse  size  is  per¬ 
haps  fifty  times  that  of  Che  well-focused  3poc.  Therefore,  as  the 
secondary  sec  of  reference  beams  is  scanned  by  the  3ragg  cell,  it 
is  not  much  affected  by  fine  changes  in  surface  profile. 
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Fig.  12.  Amplitude  and  phase  variation  across  an  aluminum  step  on 
a  metallized  substrate.  The  phase  step  indicates  a 
height  of  820  A  . 

A  major  advantage  of  this  reference  system  is  that  it  is  nei¬ 
ther  sensitive  to  vibration  normal  to  Che  lens,  or  to  tilt.  The 
operating  system  is  so  insensitive  to  these  parameters  chat  bang¬ 
ing  on  the  optical  bench  with  a  hand  has  very  little  effect. 

Another-  advantage  of  such  a  scanned  optical  system  is  that, 
because  Che  same  beam  is  used  for  transmission  and  reception,  the 
point  spread  function  of  the  lens  is  squared.  Hence,  the  sldelobe 
levels  are  extremely  low,  and  there  is  very  little  ripple  when  one 
observes  sharp  steps.  We  have  carried  out  a  detailed  theory  to 
predict  what  should  occur  and  have  carried  out  measurements  to 
confirm  our  theory.  Soma  simple  results  which  were  obtained  for 
the  acoustic  microscope  are  shown  in  Fig.  11.  » ^  As  the  beam  is 
passed  over  a  step,  the  transition  is  extremely  smooch  as  opposed 
to  what  would  be  expected  theoretically  for  a  plane  wave  illumina¬ 
tion,  where  the  transition  shows  some  ripple.  The  theoretical 
profile  to  be  expected  for  this  confocal  scanned  system  is  shown 
as  the  dashed  Line;  the  experimental  results  for  the  acoustic 
microscope  are  shown  as  points.  The  agreement  is  excellent. 

We  have  used  this  optical  microscope  to  obtain  the  results 
shown  in  Fig.  12;  In  these  preliminary  experiments  we  measured  a 
step  of  800  A  of  aluminum  on  aluminum.  It  will  be  seen  that 
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the  measured  phase  la  In  good  agreement  with  what  would  be  expec¬ 
ted.  The  amplitude  profile  la  only  la  fair  agreement  with  what 
would  be  expected;  later  reaults  indicate  far  better  agreement 
than  shown  here. 

PHOTOACOUSTIC  TECHNIQUES 


Photoacouatlc  methods  are  Ideal  for  measuring  thermal  prop¬ 
erties  of  materials  such  as  the  integrity  of  a  bond  between  a 
silicon  substrate  and  a  heat  sink,  the  lack  of  adhesion  of  a  metal 
film,  Che  presence  of  near-surface  defects  In  materials,  and  the 
Integrity  and  quality  of  curreat-carrylng  conductors.  Related 
techniques  can  also  be  useful  for  measuring  electronic  properties 
of  materials  such  as  doping  density  profiles  and  recombination 
rates  of  carriers.  We  shall  describe  here  a  subset  of  problems  of 


chis  nature  which  we  have  Investigated.  Ocher  related  problems 
are  described  In  a  paper  In  chis  issue  by  Stearns  et  al. 


The  technique  we  have  employed  Is  different  from  conventional 
photoacouatlc  methods.  Most  commonly,  a  heat  source  such  as  a 
modulated  light  beam  is  Incident  on  a  sample.  This  modulates  Che 
near-surface  temperature  of  the  sample.  In  turn  the  thermal  ex¬ 
pansion  and  contraction  of  tha  material,  caused  by  the  change  In 
temperature,  excite  an  acoustic  wave  In  Che  material  which  Is  de¬ 
tected  with  an  acoustic  transducer  on  the  opposite  side  of  the 
sampla.  An  alternative  method,  which  has  been  used  extensively. 

Is  to  measure  the  acoustic  wave  generated  in  the  air  above  the 
sample. 


In  one  example,  shown  In  Pig.  13a,  we  excite  an  acoustic  sur¬ 
face  wave  with  a  wedge  transducer  placed  on  the  sample  and  receive 
It  on  a  similar^  transducer.  The  modulated  light  Incident  on  the 
sample  changes  lea  near-surface  temperature.  This  temperature  mo¬ 
dulation  In  Cum  varies  Che  phase  of  the  received  signal.  Thus, 
with  this  technique,  Che  laser  heating  perturbs  an  acoustic  wave 
rather  chan  excites  one.  A  second  method,  shown  in  Fig.  13b,  uses 
an  acoustic  wave  Incident  on  the  surface  of  Che  substrate  from  a 
focused  transducer  In  air;  the  reflected  wave  is  received  on  a 
second  transducer.  The  phase  change  of  the  acoustic  wave  caused 
by  the  temperature  modulation  of  Che  air  yields  a  direct  measure¬ 
ment  of  temperature.  The  technique  Is  extremely  sensitive  and  can 
be  operated  over  a  broad  band  of  frequencies.  It  also  has  the  ad¬ 
vantage  that  It  can  be  used  to  localize  Che  region  being  examined. 
In  another  example  of  the  technique,  an  acoustic  microscope  ex¬ 
cites  acoustic  surface  waves  so  that  we  can  examine  regions  where 
Che  temperature  is  modulated  on  the  surface  of  a  material.  In 
chis  case  we  obtain  the  transverse  definition  of  the  acoustic 
microscope. 


An  accompanying  paper  by  Stearns  et  al  includes  a  discussion 
on  how  these  techniques  can  be  exploited  to  measure  the  thermal 
properties  of  silicon  bonded  to  a  heat  sink.  We  shall  therefore 
not  discuss  thermal  measurements  any  further.  Instead,  we  shall 
focus  on  the  utility  of  alternative  methods  which  measure  the 
electronic  properties  of  a  semiconductor. 


TWO  CONFIGURATIONS  OF 
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Pig.  13.  Configuration  of  a  photoacoustic  measurement  technique. 

(a)  Surface  wave  measurement  with  a  wedge  transducer. 

(b)  Acoustic  transducer  In  air.  (c)  An  Illustration  of 
the  path  of  a  light  beam  and  acoustic  beams  in  air. 

Suppose  we  use  Che  configuration  of  Pig.  13a  with  argon  light 
Incident  on  a  silicon  sample.  In  this  case,  Che  light  will  gene¬ 
rate  electrons  and  holes.  The  electrons  and  holes  will.  In  turn, 
perturb  the  acoustic  surface  wave  velocity.  The  perturbation  will 
be  proportional  to  Che  carrier  density.  As  the  frequency  of  mo¬ 
dulation  Is  increased,  Che  phase  perturbation  will  not  change  in 
amplitude  until  Che  modulation  frequency  becomes  comparable  to  the 
recombination  frequency  of  the  carriers.  Ac  this  point  the  ef¬ 
fects  begins  to  fall  off.  At  very  low  frequencies  temperature  ef¬ 
fects  are  also  important. 

Some  results  taken  on  a  P-type  silicon  sample  are  shown  In 
Fig.  14.  It  Is  seen  that  Che  magnitude  of  the  effect  falls  off, 
as  predicted.  Furthermore,  the  phase  of  the  perturbation  relative 
to  the  phase  of  Che  input  chopping  signal  also  changes,  as  illus¬ 
trated  in  Fig.  14b.  It  will  be  seen  thac  Che  phenomenon  Is  well 
understood,  and  the  agreement  between  experiment  and  theory  is 
excellent. 
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Fig.  14.  Acoustic  phase  perturbatin  In  SI. 

Th«  technique,  therefore,  provides  a  method  of  measuring  re¬ 
combination  rates  of  carriers  In  a  small  region  of  the  semicon¬ 
ductor.  If  an  acoustic  microscope  Is  used  for  exciting  the  sur¬ 
face  waves,  Chen  no  contact  need  be  made  to  the  semiconductor. 

CONCLUSIONS 

We  have  discussed  a  number  of  techniques  for  examination  of 
electronic  devices.  Due  to  limitations  of  space,  we  have  concen¬ 
trated  on  only  a  few  of  the  available  methods.  The  acoustic  and 
optical  microscopes  are  very  powerful  tools  for  measuring  mechani¬ 
cal  properties,  adhesion  surface  profiles,  and  sizes  of  small  fea¬ 
tures.  Phocoacouatic  techniques  are  useful  for  measuring  thermal 
properties  of  materials;  they  can  also  be  used  for  measuring  elec¬ 
tronic  properties.  Related  techniques  may  be  useful  for  measuring 


air,  are  also  being  developed  for  measuring  surface  profiles.  The 
great  advantage  of  these  techniques  Is  chat  the  surface  is  not 
contaminated  by  Che  probing  technique  itself. 
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locafng  the  edges  of  the  strip,  'his  di"icjlty 
with  t'e  spatial  domain  'esoonse  >s  the  primary  no- 
f  vat’  on  ‘or  the  rdurier  spectrum  approach  to  the 
1  :  ne  width  measurement  proolem  descnoed  oe'ow. 

Since  a  convolution  ’n  the  spatial  doma’o  ;pr- 
' e s p o r d s  to  a  multiplication  in  the  spatial  '-e- 
dueocy  domain,  one  dOtams  *-om  Ed.  '.!) 


the  strip  width  can  oe  determined  fnpm  Eg.  '5). 

For  instance,  if  ?  *  3.35.  ,  cne  can,  ’n  princi¬ 
ple,  resolve  line  widths  as  small  as  3.35a  . 

the  power  of  this  Fourier  transform  technique 
lies  in  its  simplicity,  jiven  a  priori  xnowledge 
of  the  strip  geometry,  pne  only  has  to  3e  aware  pf 
some  general  properties.  Put  does  not  need  to  xnow 
the  exact  details,  df  the  imaging  system  'esponse. 
’he  mere  location  of  the  :eros  of  the  overall  spec¬ 
tral  response  suffices  for  the  accurate  dete-mma- 
t i on  of  the  line  width. 
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►  •  g .  2.  cou ne-  spectra  of  the  acoustic  microscope 
spat'al  -esponse  '.o  50C0  •  tmex  gold 

'ines  on  ‘used  silica  'rom  L  to  3.5 
wavelengths  wide. 
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2 .  Expedient  ai  Results 

Fig.  2  illustrates  the  expe-mehta  ; 

for  5CQ0  t  thick  gold  : nes  deposited  ;n  a  ‘.sed 
juart:  SuOstrate.  ’ne  ioc ■  t a ;  '■  y --easured  widths 
are  3  »  '5,  13,  and  33  _n  ,  -espect •  <s ; y .  '"e 

acoustic  microscope  jperates  at  :.0  -  30  ..t 

with  a  ‘  3.35  'ens,  ina  t'e  acoustic  team  's  ‘o- 
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In  general.  ?(k.)  Is  not  known  a  priori.  However, 
P‘(xz)  can  conveniently  be  calibrated  by  inverting 
tne  v ( z )  for  a  llquid/solid  Interface  wnose  re¬ 
flectance  nas  uniform  magnitude  and  pnase  over  trie 
angular  extent  of  tne  lens  pupil  function,  'ne  wa¬ 
ter/lead  boundary  Is  one  sucn  example,  and  tne  mag¬ 
nitude  and  pnase  of  tne  reflectance  is  essentially 


flat  from  3°  to  10“  incidence. 


:tg.  3.  Courier  spectra  of  tne  acoustic  microscope 
spatial  response  to  a  2000  i  tmcx  and 
75  _,m  wide  cnrome  line  on  fused  silica  at 
different  defocusmg  distances. 


Material  Character! z at i on  Py  Inversion  of  Y(z) 

'ne  Courier  transform  relation  between  V ( z ) 
ani  t"e  tne  re'lectance  2(e)  of  a  liquid/soiid 
i  nter* ace  nas  been  der’ved  and  demonstrated  experi - 
lent  a  I  I y  in  acoustic  mi croscopy . - • "  However,  tne 
r ::  integral  on  «m  cn  tne  derivation  of  tne  rour- 

e-  t"jns':rm  'elation  is  based  is  'ormulated  using 
tne  jarn'al  approx  i  mat  i  on ,  and  is  therefore  not 
-ai'O  'or  acoustic  lenses  with  a  ’  arge  angle  of 
convergence.  dn  alternative  nyorid  'ormulation, 
.men  tjmp'nes  elements  of  angular  spectrum  ana  'ay 
:jt its  'jrmaiisms,  nas  been  carried  out  and  tne 
'esi't  's  given  :e;ow.  It  snould  be  noted  t.nat  no 
jni'i  as  Su.no  1 1  on  >s  necessary  for  -ts  develop¬ 
ment  .  Sew  'eSutS  'or  dl“erent  naCerials  OOtJlneO 
tv  in<e't’ng  tompiex  V(z)  lata  acduired  witn  i 
;;"e"  :ai  transducer  »«'itmg  at  13  1Hz 

,ro  j  ay  y>n, 
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Fig.  1.  Special  focused  transducer  used  for  tne 
/(z)  measurements. 

This  inversion  approach  to  material  tnaracter- 
'Zation  's  different  'n  that  it  requires  tne 
measurement  of  '  z  ;  1  n  botn  amplitude  and  pnase, 

.nereas  previous  worx1'3  jt’i'zed  only  tne  anoi'- 
tude  or  intensity  jf  Y'zl  .  It  •$  general ’/  not 
trivial  to  conduct  ni gn-acturacy  pnase  measurements 
■n  acoustic  microscopy.  <e  nave  developed  a  pnase 
measurement  system-  that  maxes  possible  tne  pre- 
pision  acouisition  of  pnase  data  and  tne  experimen¬ 
tal  demonstrat i on  of  tne  inversion  technique. 


*«e  tpec’f  dase  df  i  'ccused  spner*:al  t-ans- 
d  ,.;e'  "aq 1  at’  n  g  directly  -nto  water  with  -o  buffer 
ne  ;  i  ,n  'l  dtns-  lereg  as  '.Town  ’n  F*g.  a.  'me  prac- 

-.■-.i!  -,  •  ;n  i ' 1  jnce  df  acoustic  lens  conf'gura- 

t  in  '  -e  e, 3,  line  ter.  'he  SOeCMi  transdu¬ 
ce®  deomet'y  iinpli'-e  --.e  derivation,  and  yet  tne 
‘■nj  .out'  d n  nas  genera.  val’dity  'or  any  acoust- 
ens  ;onf  jj.r  jf  on  wnicn  produces  a  donverg-ng 
.  p  r  e  r  ■  wave  . 

It  ; an  me  ;nown  that  -ne  .oifaue  '“soonse 
i':  of  "e  'ocused  transducer  's  given  by- 

,  y  *  J-  <  ‘  i'<  aid  •/  :*  HI 

.ne'e  .’  .  U  ,  *,  q  the  .a  v  ®  -®CtOr  >1C  I'V't 

n  --e  ■  direct-  in,  3  '  «  .  ;  1  S  the  OupT  ‘.nct'on 

,f  e®s,  jnu  2<.,  's  tne  'ef'ectjnre  *.nc- 

t  •  n  jf  •  i  ’  i  :ui  i/so.  i  d  nte-'ace.  -la-  31  >’'(o»s 
’."at  .  :  and  3,:  ' «  ,  .  9  ( <  . ;  ‘orm  a  r0ur-er 

‘"ins'  d  r-n  pal'.  'he  ’  nvers  I  on  to  ODtam  2  «.  'S 
)  1  ven  by 


2 .  2 xper* ment al  3esu 1 1 s 

A  special  acoustic  'ens  's  vseo  ‘or  tne  i[z' 
measurement,  'he  acoustic  transducer  ’s  a  piezo¬ 
electric  element  in  tne  ‘orm  of  a  spherical  sne1 ' 
with  air  bacxmg  and  a  auarter-wave  maten-ng  layer 
qn  the  front  ‘ace.  the  transducer  generates  a  con¬ 
verging  spher’cal  «ave  directly  ' nto  .ater .  'Vs 
acoustic  'ens  :onf i  jurat i  an  's  advantageous  'or  t'e 
y'z )  measurement  ‘or  the  'oil  owing  reason.  ’he 
elimination  of  the  buf'er  -od  removes  tne  syste¬ 
matic  noise  due  to  'everner It • qns  ’ ns i te  V'e  buf'er 
red.  this  type  of  noise  tends  '.0  over-  JC  -n  t  -  me 
w’tn  tne  reflected  s’-gnai  ''om  tne  oogect.  with 
-.ne  present  ens  construct  i  on ,  the  acoust’c  ens 
•an  oe  t'ansl  ated  over  a  wide  "ange  df  z  to  dOl- 
ect  r  z'  lata  -n  an  essentially  notse-‘*ee  env'- 
- pnnent . 

'ne  spherical  transducer  nas  a  'ocal  ’engtn  of 
;5  mm,  '  3.’  aperture,  jnd  s  operated  at  13..’ 
■<Hz.  ‘‘any  pracfca1  :ons  i  der  a  1 1  or  s  go  'nto  this 


particular  choice  of  operating  frequency  range. 

The  inversion  of  tne  V(z)  Is  most  conveniently 
carried  out  for  a  lossless  liquid  medium.  The  loss 
in  water  is  essentially  negligiole  at  10  MHz  ,  and 
so  satisfies  tms  requirement.  Moreover,  tne  wave- 
lengtn  in  water  of  aoout  150  um  is  sufficiently 
large  to  render  any  irregularity  and  instaDillty  in 
tne  vertical  translation  mecnanism  Insigni ficant. 
For  the  same  reason,  the  measurement  is  less  suO- 
ject  to  error  as  a  result  of  surface  finisn  imper¬ 
fections  in  tne  sample. 

Figure  5  shows  the  reflectance  function  of  a 
wacer/fused  silica  interface  ootamed  Oy  inverting 
the  correspond! ng  V(z)  and  then  .normalizing  out 
Rmx,)  of  the  transducer.  The  theoretical  re¬ 
flectance  is  also  snown  in  tne  solid  curve  for 
comparison.  There  is  good  general  agreement  Se- 
tween  theory  and  experiment  in  ootn  magnitude  and 
pnase.  The  experimental  shear  critical  anqle  at 
■j  *  23.5°  and  tne  Sayleign  critical  angle  at 
j  *  25.3 S'  compare  extremely  well  with  theory. 
rhe  longitudinal  critical  angle  is  not  reproduced 
in  the  experimental  result  due  to  tne  angular  re¬ 
solution  degradation  proolem  caused  Oy  the  spatial 
truncation  of  tne  V(z)  data.' 
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-ig.  5.  Tcnoanson  of  the  theoretical  soli  3  line) 
jnq  eipertmencal  lasned  line)  r»'7tt ance 
'jnctions  'or  a  water'fused  silica  'nter- 
'ace. 

figur»  5  is  the  -eflectance  'jnctisn  ':r  1 1  j - 
linum.  tjain,  the  'it  Oetween  theory  m a  eoer’- 
lent  s  very  ;ood .  The  'ongitudioal  inq  -,-iear  cri- 
t  *  c  J I  ingles  snow  up  :i  ear1/  'n  the  eoe' — cental 
'esult  in  this  case.  The  Rayleigh  critical  ing'e 
'S  'seated  it  ■  •  TO .  36 J  ,  «nifi  jives  a  phase 
<e')C!ty  af  3397  n/s  '  :r  the  eaxy  sur'ace 
acoustic  «ave. 

ri  pure  7  snows  the  "ef’ectince  '."ef  ‘;r 

5le«iglis  sr  'uclte,  a  '  x  acoustic  o»!oc'ty  -a  - 
ter'  a  |  with  high  sss.  'his  exjmoe  ’  '  isfates 
now  'oss  in  naterials  tan  he  jetermmed.  *"e  '  J'l- 
;  1 1  j  d  i  n  a  I  critical  angle  is  seated  at  •  ■ 
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Fig  .  5.  Comparison  of  the  theoretical  and 

experimental  reflectance  functions  for  a 
wdcer/aluminum  interface. 

whicn  corresponds  to  a  longitudinal  wave  velocity 
of  2750  m/s  .  The  magnitude  of  the  reflectance 
peaxs  at  0.7  ratner  than  1  ,  as  would  oe  tne 
case  for  a  lossless  suostrate.  'he  amount  sf  di¬ 
minution  of  the  peax  level  depends  on  the  loss  for 
the  longitudinal  mode.  The  theoretical  Curve  'S 
fitted  to  the  experimental  one  3y  varying  tne  'on- 
gitudinal  loss  factor  0L  .  3^  is  found  to  oe 

aoout  50  ,  wmen  translates  into  an  attenuation 
coefficient  of  232  nepers/m  ,  or  20  sB/c.m  at 
10  *Hz  wmen  agrees  well  with  other  puaiisnea 
values. 


-  *  *j*  ^  4  o’ 

Comoar'son  )f  tre  ' : j l  jn<3  - 

raf )  jnce  *  anr/.*  )ns  *  3 

water  o'exiglas  'nte^'see. 


; ; ; .  tone 1 js  i  on 

we  nave  developed  md  lemonstrited  a  Courier 
fms'srm  spproacn  to  line  width  measurement.  ror 
tne  :ase  sf  strips  with  '-ectanguijr  ;-os  s -sect  i  ons  . 
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the  technique  Is  essentially  insensitive  to  cue 
characteristics  of  trie  Imaging  system.  Line  widths 
comoaraole  to  a  wavelength  can  De  determined  accur¬ 
ately  with  this  method. 

Hew  results  on  material  character! zat i on  Oy 
tie  inversion  of  complex  V ( 2 )  daca  have  also  Deen 
s.nown.  The  result  of  a  more  general  .nd  non-par- 
axial  formulation  of  the  V ( 2 )  integral  Is  given. 
rms  inversion  technique  represents  a  more  complete 
approach  to  material  characteri zati on  than  pre¬ 
vious  '/ ( 2 )  related  work.  Phase  velocities  of 
various  propagacmg  modes  in  the  material  of  inter¬ 
est  can  oe  determined  from  tne  reflectance  func¬ 
tion.  In  addition,  acoustic  losses  can  also  Se 
estimated. 
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INTRODUCTION 

Recently,  a  greec  daal  of  attention  has  been  devoted  to  prob— 
lama  of  manufacturing  tachaology .  NDE  techniques  are  be  ginning  to 
b«  considered  and  to  be  applied  to  problems  of  maasuremanc  of 
structures  daring  thm  manufacturing  process,  rather  than  only 
determining  whether  there  are  faults  prasent  after  manufacture. 

The  major  advantage  of  adopting  such  procedures  is  their  coat  ef¬ 
fectiveness.  Either  expensive  manufacturing  processes  need  not  be 
carried  out  an  parts  which  already  have  faults,  or  an  earlier 
process  can  be  repeated  to  eliminate  the  fault  before  carrying  out 
further  manufacturing  steps. 

Such  problems  occur  oa  both  large-scale  devices  familiar  in 
conventional  NDE,  and  on  small-scale  devices  such  as  semiconduc¬ 
tors,  diamond  machined  parts,  and  mngnatlc  recording  heads  and 
disks.  The  conventional  NDE  techniques  can  prove  extremely  use¬ 
ful,  txit  they  oust  be  scaled  down  to  the  appropriate  sizes. 

We  shell  discuss,  in  this  paper,  measurements  of  surface  fea¬ 
tures,  measurements  of  near-surface  material  properties,  and  to  a 
limited  extent,  measurements  of  certain  types  of  electronic  prop¬ 
erties  of  semiconductors.  We  will  discuss  techniques  which  we 
have  examined  and  which  may  be  of  help,  in  particular,  for  use 
with  semiconductor  devices  and  magnetic  recording  devices.  We 
summarize  some  of  the  possibilities  of  msasuremsnt  of  semiconduc¬ 
tors  in  Table  L.  We  consider  first  the  problem  of  evaluating  sur¬ 
face  profiles.  A.  typical  sequence  of  operations  In  the  manufac¬ 
ture  of  a  semiconductor  device  is  shown  In  Fig.  1.  Layers  of  SiO. 
are  routinely  used  in  semiconductor  devices.  Roles  are  cut  in 
them  by  the  photoresist  process  shown  in  Fig.  1.  The  photoresist 
in  this  example  is  laid  down  on  top  of  the  SIO2,  and  is  exposed 
photographically.  A  hole  is  cut  in  it  by  removing  unexposed 
photoresist  with  solvent;  the  Si02  In  this  region  can  then  be 
removed  by  etching.  In  practice,  multiple-layer  systems  can  be 


Table  1 


SEMICONDUCTORS 

Bangles  of  Needs  for  Surface  Pasture  Measurements 
Surface  Profiles 

Width  and  Thickness  of  Metal  Films 
Width  of  Roles  in  Photoresist 
Edge  Profiles  in  Photoresist 
Width  of  Roles  in  SIO2 
Thickness  of  SiOj  Layers 

Ocher  Needs 


To  measure  thermal  bonds,  film  adhesion,  carrier 
recombination  races,  and  doping  density 


SILICON  oxide 


SILICON  SLICE 


[1 


(0)  SILICON  SLICE  WITH 
OXIDE  FORMED  ON 
SURFACE 


PHOTORESIST- 

Silicon  oxioe 

PHOTOMASK 
PHOTORESIST 
SILICON  «IOG 

EXPOSED 

PHOTORESIST 


lb)  PHOTORESIST  LACQUER 
APPLIED  TO  SURFACE 


(c!  PHOTORESIST  EXPOSED 
TO  ULTRAVIOLET  light 

through  photomask 


(d)  UNEXPOSED  PHOTORESIST 
REMOVED  WITH  SOLVENT 


(e)  SILICON  OXIOE  REMOVED 
8Y  ETCHING 


SILICON  OXIOE 


(f)  PHOTORESIST  STRIPPED 
TO  LEAVE  ’winocw" 

IN  SILICON  OXIOE 


Fig.  I.  Selective  oxide  removal  by  the  photoresist  process. 

made  in  this  way,  and  It  is  obviously  of  Importance  to  be  able  to 
measure  the  width  of  the  holes  so  cut,  the  shape  of  the  edges  of 
the  holes,  and  the  thickness  of  the  individual  layers  that  are 
being  formed. 


Further  step*  la  the  process  may  be  carried  out,  as  illus¬ 
trated  la  Fig.  2.  Similar  klads  of  measurements  are  required  at 
each  step.  Each  of  the  features  chat  oust  be  aeasured  are  pre- 
seotly  of  the  order  of  oae  to  a  few  micrometers  la  width;  as  pro¬ 
gress  la  made,  the  requirements  become  more  aad  more  severe,  down 
to  0.5  urn  or  even  less.  As  there  may  be  several  hundred  thou¬ 
sand  devices  built  on  one  chip.  It  la  Impractical,  regardless  of 
the  measurement  system  used,  to  measure  every  device  on  the  ehlp; 
Che  Information  content  is  coo  large.  What  can  and  should  be  done 
Is  to  measure  test  samples  on  each  chip  to  evaluate  whether  the 
processing  methods  employed  are  working  correctly. 

A  similar  set  of  problems  occur  with  magnetic  recording  disks 
and  heads.  A  simplified  Illustration  of  such  a  recording  disk  and 
head  Is  shown  In  Fig.  3,  listing  soms  of  Che  properties  that  need 
to  be  measured.  In  magnaclc  recording,  Che  magnetic  recording 
head  floats  on  an  air  bearing  a  few  thousand  Angstroms  away  from 
Che  disk  on  which  the  recording  is  made.  The  disk  Is  typically  of 
aluminum  with  a  -1  urn  thick  layer  of  ferrite-filled  epoxy  laid 
down  on  ic.  The  thickness  of  che  air  gap  is  of  great  Importance. 


(0»  OXIDIZED  n-TYPC  SILICON  SLICE 


(b)  BASE  WINOOW  OPENED  IN  OXlOE 
BY  FIRST  PHOTORESIST 
PROCESS  SEQUENCE  (FIG.  2.6) 


(C)  P-TYPE  BASE  OlFFUSED  IN. 
ANO  NEW  OXlOE  FORMED 


(d)  EMITTER  WINOOW  opened  BY 
SEC0N0  PHOTORESIST  SEQUENCE 


(e)n-TYPE  EMITTER  OlFFUSED  in. 
ANO  NEW  OXlOE  FORMED 


n 

(f)  BASE  ANO  EMITTER  CONTACT 
WINOOWS  OPENED  in  OXlOE  BY 
THIRD  PHOTORESIST  SEQUENCE 


(q)  ALUMINUM  CONTACTS  EVAPORATED 
ON  ANO  OEF'NED  by  THIRO 
PHOTORESIST  SEQUENCE 


(h)  SLICE  CUT  INTO  WAFERS.  EACH 
WAFER  MOUNTED 


Fig.  2.  Steps  In  che  diffused  planar  process. 


FLOATING  HEAO 


Pig.  3.  Simplified  schematic  of  a  magnetic  dish  and  head.  Meed 
to  measure:  surface  waviness,  roughness,  thickness  of 
epoxy,  filling  factor,  air  gap,  head  surface,  stress  pro¬ 
file* 

The  filling  factor  of  the  epoxy  mist  be  known  and  the  thickness 
and  waviness  of  this  layer  must  be  controlled  very  carefully. 
Furthermore,  in  order  to  stop  the  head  from  "crashing"  on  the  disk 
as  the  disk  slows  down,  ceramic  particles  are  distributed  in  the 
epoxy  on  which  the  head  can  rest.  Other  problems  occur  in  the 
manufacture  of  the  head  itself.  Stress  In  the  ceramic  material  of 
the  head  can  cause  it  to  bow.  Careful  control  of  its  surface 
finish  and  its  flatness  are  required,  as  well  as  measurements  of 
the  air  gap  between  Che  disk  and  Che  heed  and  measurements  of  Che 
disk  itself. 

The  types  of  sensors  which  can  be  used  co  make  che  required 
measurements  are  varied,  but  are  basically  scaled  down  versions  of 
Che  sensors  normally  used  in  NDE  applications.  Thus,  Che  opcical 
and  acoustic  sensors  required  typically  become  microscopes  of  one 
kind  or  another,  as  often  Che  photoacoustlc  sensors  become.  A 
summary  of  che  types  of  sensors  chat  could  be  used  Is  given  in 
Table  2. 

We  shall  now  discuss  some  examples  of  che  sensors  which  can 
be  used  and  which  we  have  cried  in  simple  applications. 


Optical: 

Acoustic: 


Phocoacouatlc: 


Table  2 

TYPES  OF  SENSORS 

Scanning  and  Standard  Microscopes 

Range  Sensors,  Scanned  Microscope. 

Acoustic  Wave  Propagates  in  Solids, 
Liquids,  or  Air. 

Measures  Thermal  Effects  in  Solids, 

Liquids  and  Air.  Also  Measures  Electronic 
Effects  in  Semiconductors. 


THE  ACOUSTIC  tgOtOSCOPE 


Tha  adorning  acoustic  microscope  was  developed  ac  Stanford  by 
Cal Tin  Quaca  and  tala  co-workars.  An  aarly  version  of  this  micro¬ 
scope  la  Illustrated  In  Pigs.  4  and  S.  An  acoustic  tranaducar  on 
a  sapphire  or  quartz  substrata  azcltas  a  plana  wava.  A  spharlcal 
hola  la  enc  Into  cha  opposlta  surfaea  of  tha  sapphira  or  quarts 
substrata*  This  forms  a  spharlcal  lsna  which  produces  a  tightly 
focus ad  baam  Is  watar.  Tha  focusad  beam,  which  loplngas  on  tha 
aacarlal  balng  sxaalnad.  Is  raflsctad  from  It  and  racslved  back 
again  ac  tha  tranaducar.  As  tha  reflectivity  of  tha  aatarlal  ba¬ 
lng  axasrtnad  varies  with  its  surface  properties,  tha  Intensity  of 
tha  received  lasga  from  a  small  region  controlled  by  tha  focusad 
besai  will  depend  on  tha  nature  of  tha  aatarlal  balng  examined.  A 
two-dimensional  Image  Is  obtained  by  mechanically  scanning  either 
tha  sasple  or  cha  transducer  using  essentially  a  loudspeaker  move¬ 
ment  for  a  scan  in  one  direction,  and  a  slower  mechanical  scan  for 
tha  scan  In  cha  othar  direction.  Thus,  a  raster  Image  la  obtained 
which  can  be  displayed  on  a  video  screen.  Tha  definition  of  tha 
syscaa  la  comparable  to  cha  wavelength  in  water  so  chat  at  a  fre¬ 
quency  of  1  GHz  ,  cha  definition  la  of  cha  order  of  4000-3000  A 
with  correspondingly  poorer  definitions  at  lower  frequencies.  De¬ 
finitions  of  300  A  have  bean  obtained  with  liquid  helium  as  cha 
operating  medium. 

Tha  amt rest  of  the  image  is  determined  not  only  by  Cha  re¬ 
flectivity  of  cha  surface,  but  also  by  cha  phase  of  cha  reflected 
waves,  as  Illustrated  in  Pig.  fl.  Suppose  cha  baam  Is  focused  so 
chat  cha  focal  point  is  below  tha  surface  of  cha  solid.  It  is 
chan  passible  far  tha  lens  to  exclce  Rayleigh  or  surface  waves  on 
cha  subs trace,  which  can  be  reflected  beck  Co  cha  lens  and  re¬ 
ceived  by  It.  Only  certain  rays  froa  Cha  lens  cause  Rayleigh  wave 
excitation.  These  rays  are  incident  ac  an  angle  0  where 


Pig.  4.  Schematic  of  acousclc  microscope. 


5.  Mechanical  scanning  of  the  sample  In  evo  dlaanalons  Is 
accomplished  In  Che  present  version  of  che  Stanford 
acoustic  microscope  by  means  of  che  apparatus  depleted 
here.  The  round  disk  holding  che  sample  1s  displaced 
horizontally  100-200  am  by  a  loudspeaker  vibrating  at 
a  frequency  of  SO  Hz.  The  vertical  displacement  of  che 
sample  and  che  loudspeaker  assembly  are  driven  by  a 
direct-current  electric  motor  (the  vertical  motion  is 
auch  slower  than  the  horizontal  motion).  The  reflected 
acoustic  signals  from  the  sample  are  processed  electro¬ 
nically  and  are  used  to  modulate  che  intensity  of  the 
electron  beam  in  a  television  monitor.  The  image  is 
formed  by  scanning  che  electron  beam  across  the  screen 
In  synchrony  with  che  motion  of  che  sample  across  che 
focal  point  of  che  acoustic  beam.  It  Is  the  ratio  of 
displacements  of  Che  two  beams  Chat  determines  che  mag¬ 
nification  of  che  final  image. 


*jcac 
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Fig.  6.  Specular  and  Rayleigh  reflected  waves  la  Che  acoustic 
microscope. 


sin  9a  -  Vy  VR 


where  is  Che  acoustic  wave  velocity  in  water,  and  VR  is  che 

Rayleigh  wave  velocity  on  Che  solid. 

As  shown  in  Fig.  6,  two  signal  components  arrive  hack,  at  Che 
lens,  Chose  which  follow  che  Rayleigh  wave  pech  and  chose  which 
are  specularly  reflected  from  che  surface.  These  two  sets  of  rays 
can  interfere  with  each  ocher  and  say  add  in  phase  or  out  of 
phase,  depending  on  che  distance  z  of  Che  focal  point  from  che 
surface.  As  the  lens  is  moved  up  and  down,  che  voltage  V(z)  re¬ 
ceived  by  che  transducer  varies  with  z  .  As  che  lens  is  moved 
acrose  a  surface  whose  material  properties  vary,  V(z)  will  vary. 
Therefore,  che  contrast  changes  obtained  with  che  microscope  are 
very  sensitive  to  surface  properties. 

Fig.  7  is  an  illustration  of  an  image  of  a  metal  film  laid 
down  on  a  glass  substrate.  The  optical  images  shown  for  compar¬ 
ison  and  che  images  obtained  at  two  different  values  of  z  are 
also  shown.  It  will  be  seen  chat  che  contrast  changes  wlch  z  . 
The  poor  adhesion  of  che  mecal  films  near  chair  edges  shows  up 
very  clearly  in  che  acoustic  microscope  pictures,  but  is  noc  ob¬ 
served  optically.  This  is  because  che  Rayleigh  wave  velocity 
varies  radically  wlch  che  adhesion  of  the  mecal  film.  Consequent¬ 
ly,  acoustic  microscopy  techniques  can  be  very  useful  for  measur¬ 
ing  adhesion,  bonding  and  ocher  mechanical  properties  which  are 
difficult  to  evaluate  by  other  techniques. 

We  have  attempted  to  put  acoustic  microscopy  on  a  more  quan¬ 
titative  basis  and  have  arrived  at  cechnlques  for  measuring  che 
phase  and  che  amplitude  of  che  reflected  signal  components  separ¬ 
ately.  '5  This  makes  lc  possible  to  determine  che  height  and 
width  of  surface  features  separately,  as  well  as  co  determine  sur- 
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Fig.  7.  Images  at  a  natal  film  on  glaaa.  (a)  An  optical  image. 

(b)  An  inaga  taken  with  a  2  GHz  acoustic  microscope. 

(c)  An  image  with  a  defocus  distance  of  -0.5  ya  . 

face  material  properties  from  the  measurement  of  the  Rayleigh  wave 
velocity.  It  also  makes  it  possible  to  carry  out  Fourier  trans¬ 
form  of  the  reflected  image  and  other  kinds  of  processing  since 
both  amplitude  and  phase  information  are  available.  The  technique 
employed  is  illustrated  in  Fig.  3.  A  short  tone  burst  is  Inserted 
into  the  transducer  and  is  reflected  from  it.  The  specularly- 
reflected  component  arrives  at  a  different  time  from  the  Rayleigh 
wave  component  so  that  they  can  be  measured  separately.  Using 
this  technique,  we  can  determine  the  phase  difference  between 
these  two  signals  to  an  accuracy  of  0.1*  which  corresponds  to 
being  able  to  measure  the  Rayleigh  wave  velocity  to  one  part  in 
105  . 

In  an  alternative  mode  of  operation,  we  excite  a  hollow  beam 
on  an  outer  ring  surrounding  the  lens.  This  beam  is  reflected 
from  the  substrate  and  is  used  as  a  reference.  We  compare  it  with 
Che  reflection  from  a  focused  beam  whose  focal  poinc  is  at  the 
su  race  of  the  substrate.  We  can  control  the  average  height  of 
Che  transducer  from  the  substrate  by  comparing  the  phase  of  the 
signal  returned  from  the  reference  beam  (several  millimeters  in 
diameter)  with  an  external  reference;  we  use  a  piezoelectric 
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Fig.  3.  (a)  Rayleigh  wave  velocity  ouiuraiunc.  (b)  Acoustic 

microscope  I«n«  for  topography  profiling. 

pusher  to  nova  tha  transducar  up  and  down.  Aa  tha  transducar  la 
moved  acrnaa  tha  substrata,  tha  phaaa  of  tha  specularly-ref lacted 
focus ad  baas  (~30  us  diaaatar)  gives  an  accurata  measure  of  tha 
h sight  of  tha  raglon  baing  observed.  By  this  naans,  wa  can  aaa- 
sura  changes  in  height  of  tha  surface  to  an  accuracy  of  A/3000  , 
where  A  la  the  acoustic  wavelength  In  water. 

An  axaspla  of  work  by  Liang,  Bennett,  lOiuri -Yakub  and  Kino  Is 
shown  In  Fig.  9,  In  which  these  techniques  ware  used  to  measure  the 
thickness  of  a  5000  A  layer  of  aluminum  using  50  MHz  acoustic 
wav»s  with  a  wavelength  of  30  um  .  Tha  Rayleigh  wave  technique 
was  than  used  to  measure  tha  velocity  of  a  surface  wave  along  the 
aluminum,  thus  giving  a  measure  of  the  material  properties  of  the 
surface. 

The  technique  can  also  be  used  to  measure  the  width  of  sur~ 
face  features  very  accurately.  Using  the  focused  beam,  and  mea- 
surlng  its  phase,  we  have  been  able  to  measure  the  width  of  sur¬ 
face  films  whose  widths  are  quite  comparable  to  the  spot  size  of 
the  beam.  By  using  Fourier  transform  techniques,  it  Is  possible 
to  put  these  measurements  on  a  highly  quantitative  basis  In  which 
the  results  do  not  depend  too  critically  on  thq  fact  that  the 
focus  of  the  beam  Is  exactly  at  the  substrate.  Thus,  acoustic 
elcroscopy  and  related  scanning  optical  microscopy  techniques  can 
be  very  useful  In  this  application. 
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Fig.  9.  Measurements  and  topography  of  velocity  perturbation 
taken  with  a  SO  MHz  acoustic  microscope. 

SCANNING  OPTICAL  MIOIOSCOPS 

After  we  were  able  to  obtain  good  phase  and  amplitude  infor¬ 
mation  directly  with  a  scanned  acoustic  microscope,  we  were  promp¬ 
ted  to  see  If  we  could  duplicate  this  kind  of  operation  with  an 
optical  microscope.  One  of  the  problems  with  scanning  optical 
microscopy,  or  any  kind  of  quantitative  microscopy  for  that  mat¬ 
ter,  Is  that,  because  of  the  precision  required,  vibrations  can 
cause  great  difficulty  la  measurements.  Therefore,  a  very  solid 
optical  bench  and  other  equipment  are  needed.  One  of  our  alas  was 
to  eliminate  this  difficulty;  another  was  to  use  modem  electronic 
signal  processing  techniques  to  measure  phase  to  an  accuracy  of  a 
few  degrees  rather  than  using  standard  optical  Interference  tech¬ 
niques.  This  would  make  It  possible  to  measure,  simultaneously, 
the  width  and  height  of  surface  profiles  using  the  same  system. 
Presently,  such  measurements  of  width  can  typically  be  made  with 
one  kind  of  device,  and  measurements  of  height  with  another,  tat 
It  Is  not  usually  possible  to  measure  the  height  or  thickness  ac¬ 
curately  In  regions  of  very  small  transverse  dimensions. 


Fig.  10.  Scanning  optical  microscope.  The  Bragg  cell  splits  the 
input  beaa  and  scana  the  deflected  and  frequency  shifted 
beaa  across  the  sample.  The  undlffracted  bean  Is  used 
as  a  reference,  (a)  Simplified  schematic.  (b)  Secon¬ 
dary  reference  on  sample  to  compensate  for  surface  tilt. 

The  system  we  have  developed  Is  an  electronically-scanned  op¬ 
tical  microscope  with  a  stationary  reference  on  the  sample  so  as 
to  eliminate  the  effect  of  vibrations.  The  basic  device  is  shown 
In  Figs.  10a  and  10b.  A  Laser  beam  of  frequency  f«  is  passed 
through  a  Bragg  cell  whose  frequency  can  be  varied  from  60-110 
MHz  .  The  Bragg  cell  deflects  the  acoustic  beam.  The  deflection 
angle  Is  linearly  proportional  to  the  frequency  fg  ,  the  input  to 
Che  Bragg  cell.  A  deflected  and  undeflected  beam  pass  through  a 
microscope  objective  lens,  producing  two  focused  spots  on  the  sur¬ 
face  of  the  sample.  The  Incident  beams  are  reflected  from  the 
sample,  pass  again  through  the  Bragg  cell,  and  produce  two  signals 
along  Che  path  shown;  these  signals  are  of  frequencies  fg  fg 


distance  in  wavelengths 


Fig.  U.  Theoretical  and  experimental  phase  profiles  of  a  step 
taken  with  plane  wave  Illumination  (solid  line)  and  a 
confocal  lens  system  (broken  line). 

and  fg  -  f^  ,  respectively.  The  phd%e  difference  between  these 
two  signals  is  equal  to  the  optical  phase  difference  of  the  two 
reflected  beams  from  the  sample.  3y  passing  the  received  beams 
into  a  photodetector,  a  product  signal  is  obtained  from  the  photo- 
detector  at  a  frequency  If 3  whose  amplitude  depends  on  the  am¬ 
plitude  of  the  scanned  beam  and  whose  phase  is  the  phase  differ¬ 
ence  of  the  signals  of  the  two  beams.  We  therefore  have  arrived 
at  a  technique  for  measuring  the  phase  and  amplitude  of  the  opti¬ 
cal  beemi ,  but  carry  out  this  measurement  at  frequencies  that  can 
be  handled  by  electronic  circuitry. 

The  actual  system  Is  somewhat  more  complicated  because  It  Is 
necessary  to  provide  a  reference  signal  at  a  frequency  2fg  . 

Since  there  is  a  phase  change  from  the  input  signal  to  the  Bragg 
cell  to  the  point  where  the  optical  beam  is  Incident,  and  this 
phase  change  varies  with  frequency,  and  hence  deflection  angle,  it 
is  necessary  to  eliminate  this  error.  We  do  this  by  using  two  in¬ 
cident  beams  on  the  Bragg  cell,  as  shown  In  Fig.  10b,  obtaining 
the  reference  signal  from  the  second  set  of  beams.  The  second  set 
of  beams  Is  passed  through  a  aat'w  aperture  and  therefore  pro¬ 
duces  two  wide  beams  on  the  sample  whose  transverse  size  Is  per¬ 
haps  fifty  times  that  of  the  well-focused  spot.  Therefore,  as  the 
secondary  set  of  reference  beams  is  scanned  by  the  3ragg  cell.  It 
is  not  much  affected  by  fine  changes  in  surface  profile. 
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Fig.  12.  Amplitude  and  phaaa  variation  across  an  aluminum  step  on 
a  metallized  substrata.  The  phase  seep  indicatss  a 
height  of  920  A  . 
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A  major  advantage  of  this  reference  system  is  chat  it  is  nal- 
ther  sensitive  to  vibration  normal  to  the  lens,  or  to  tilt.  The 
operating  system  is  so  insensitive  to  these  parameters  chat  bang¬ 
ing  on  the  optical  bench  vlth  a  hand  has  very  little  effect. 

Another  advantage  of  such  a  scanned  opdcal  syscem  is  Chat, 
because  Che  same  beam  is  used  for  transmission  and  reception,  the 
point  spread  function  of  Che  lens  is  squared.  Hence,  che  sidelobe 
levels  are  extremely  low,  and  chare  is  very  liccle  ripple  when  one 
observes  sharp  scape.  We  have  carried  ouc  a  detailed  theory  co 
predict  what  should  occur  and  have  carried  out  measurements  co 
confirm  our  cheory.  Soma  simple  results  which  were  obtained  for 
che  acoustic  microscope  are  shown  in  Fig.  As  the  beam  is 

passed  over  a  seep,  the  transition  is  extremely  smooth  as  opposed 
co  what  would  be  expected  theoretically  for  a  plana  wave  illumina¬ 
tion,  where  che  transition  shows  soma  ripple.  The  theoretical 
profile  to  be  expected  for  this  confocal  scanned  syscem  is  shown 
as  che  dashed  line;  the  experimental  results  for  che  acoustic 
microscope  are  shown  aa  points.  The  agreement  is  excellent. 

We  have  used  this  optical  microscope  Co  obcaln  che  resulcs 
shown  in  Fig.  12;  In  these  preliminary  experiments  we  measured  a 
step  of  800  A  of  aluminum  on  aluminum. 9  It  will  be  seen  chat 


the  auurid  phase  1*  la  good  agreement  with  what  would  be  expec¬ 
ted.  Tha  amplitude  profile  la  only  In  fair  agreement  with  what 
would  ba  expected;  later  rasulta  lndlcata  far  battar  agraaaaat 
than  shown  hara. 


PHOTO ACOUSTIC  TECHNIQUES 


Photoaeouatlc  aathoda  ara  ldaal  for  measuring  thermal  prop- 
art  laa  of  aatarlala  such  as  tha  Integrity  of  a  bond  batvaan  a 
silicon  substrata  and  a  hast  sink,  tha  lack  of  adhaslon  of  a  natal 
f 11a,  tha  prasanca  of  near-surf aea  dafaets  In  aatarlals,  and  tha 
Integrity  and  quality  of  current-carrying  conductors.  Ralatad 
tachnlquas  can  also  ba  usaful  for  aaasuriog  alactronlc  propart las 
of  aatarlals  such  as  doping  density  profiles  and  recombination 
ratas  of  carriers.  We  shall  describe  hara  a  subset  of  problems  of 


this  aatura  which  wa  have  Investigated.  Other  related  problems 
ara  described  In  a  paper  In  this  Issue  by  Stearns  at  al. 


Tha  technique  wa  hava  employed  Is  different  from  conventional 
photoaeouatlc  methods.  Most  commonly,  a  heat  source  such  aa  a 
modulated  light  beam  la  Incident  on  a  sample.  This  modulates  tha 
near-surface  temperature  of  tha  sample.  In  turn  tha  thermal  ex¬ 
pansion  contraction  of  tha  material,  caused  by  the  change  In 
temperature,  excite  aa  acoustic  wave  In  tha  material  which  Is  de¬ 
tected  with  an  acoustic  transducer  on  the  oppoelta  side  of  the 
sample.  An  alternative  method,  which  has  bean  used  extensively. 

Is  to  measure  tha  acoustic  wave  generated  In  the  air  above  the 
sample. 


In  one  example,  shown  In  Pig.  13a,  we  excite  an  acoustic  sur¬ 
face  wave  with  a  wedge  transducer  placed  on  the  sample  and  receive 
It  on  a  similar^  transducer.  Tha  modulated  light  incident  on  the 
sample  changes  Its  near-surface  temperature.  This  temperature  mo¬ 
dulation  in  turn  varies  tha  phase  of  tha  received  signal.  Thus, 
with  this  technique,  tha  laser  heating  perturbs  an  acoustic  wave 
rather  than  excites  one.  A  second  method,  shown  In  Fig.  13b,  uses 
an  acoustic  wave  Incident  on  tha  surface  of  tha  substrate  from  a 
focused  transducer  In  air;  the  reflected  wave  Is  received  on  a 
second  transducer.  The  phase  change  of  the  acoustic  wave  caused 
by  the  temperature  modulation  of  the  air  yields  a  direct  measure- 
mane  of  temperature.  The  technique  Is  extremely  sensitive  and  can 
ba  operated  over  a  broad  band  of  frequencies.  It  also  has  the  ad¬ 
vantage  that  It  can  ba  used  to  localize  the  region  being  examined. 
In  another  example  of  the  technique,  an  acoustic  microscope  ex¬ 
cites  acoustic  surface  waves  so  that  we  can  examine  regions  where 
Che  temperature  is  modulated  on  the  surface  of  a  material.  In 
this  case  we  obtain  the  transverse  definition  of  the  acoustic 
microscope. 


An  accompanying  paper  by  Stearns  et  al  includes  a  discussion 
on  how  these  techniques  can  ba  exploited  to  measure  the  thermal 
properties  of  silicon  bonded  to  a  heat  sink.  We  shall  therefore 
not  discuss  thermal  measurements  any  further.  Instead,  we  shall 
focus  on  the  utility  of  alternative  methods  which  measure  the 
electronic  properties  of  a  semiconductor. 


TWO  CONFIGURATIONS  OF 
THE  MEASUREMENT  TECHNIQUE 

PHOTOACOUSTIC  TECHNIQUE 
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13.  Configuration  of  a  phocoacouacic  measurement  technique. 

(a)  Surface  wav*  measurement  with  a  wedge  transducer. 

(b)  Acoustic  transducer  la  air.  (c)  An  Illustration  of 
tha  path  of  a  light  baaa  and  acoustic  baaoa  In  air. 

Suppose  we  use  tha  configuration  of  Fig.  13a  with  argon  Light 
Incident  on  a  silicon  sample.  In  this  case,  the  light  will  gene¬ 
rate  electrons  and  holes.  The  electrons  and  holes  will,  In  turn, 
perturb  tha  acoustic  surfaca  wave  velocity.  The  perturbation  will 
be  proportional  to  the  carrier  density.  As  the  frequency  of  mo¬ 
dulation  Is  Increased,  the  phase  perturbation  will  not  change  In 
amplitude  until  the  modulation  frequency  becomes  comparable  to  the 
recombination  frequency  of  the  carriers.  At  this  point  the  ef¬ 
fects  begins  to  fall  off.  At  very  low  frequencies  temperature  ef¬ 
fects  are  also  important. 

Some  results  taken  on  a  P-type  silicon  sample  are  shown  In 
Fig.  1A.  It  Is  seen  chat  tha  magnitude  of  tha  effect  falls  off, 
as  predicted.  Furthermore,  the  phase  of  the  perturbation  relative 
to  the  phase  of  the  Input  chopping  signal  also  changes,  as  Illus¬ 
trated  In  Fig.  lAb.  It  will  be  seen  that  the  phenomenon  Is  well 
understood,  and  the  agreement  between  experiment  and  theory  Is 
excellent. 
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The  technique,  therefore,  provide*  *  method  of  Maturing  re¬ 
combination  race*  of  carriers  in  a  nail  region  of  Che  semicon¬ 
ductor.  If  an  acouaelc  aicroecope  la  used  for  exciting  Che  sur¬ 
face  waves,  chen  on  contact  need  be  oade  Co  che  semiconductor. 

CONCLUSIONS 

We  have  discussed  a  cumber  of  techniques  for  examination  of 
electronic  devices.  Qua  to  limitations  of  space,  we  have  concen¬ 
trated  on  only  a  few  of  che  available  nchods.  The  acoustic  and 
optical  microscopes  are  very  powerful  tools  for  Maturing  mechani¬ 
cal  properties,  adhesion  surface  profiles,  and  sizes  of  snail  fea¬ 
tures.  Photoacouatic  techniques  are  useful  for  Maturing  thermal 
properties  of  materials;  they  can  also  be  used  for  Masurlng  elec¬ 
tronic  properties.  Related  techniques  My  be  useful  for  Masurlng 
doping  profiles  in  materials  without  making  contact  with  che  sur¬ 
face,  0  Ocher  techniques,  which  employ  acoustic  waves  excited  in 
air,  are  also  being  developed  for  measuring  surface  profiles.  The 
great  advantage  of  these  techniques  is  that  the  surface  is  not 
contaminated  by  che  probing  technique  itself. 
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